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Indian Standard 

APPLICATION GUIDE FOR 
INSULATION CO-ORDINATION 

(First Revision) 

0. FOREWORD 

0.1 This Indian Standard ( First Revision ) was adopted by the Indian 

Standards Institution on 19 April 1978, after the draft finalized by the 
High Voltage Techniques Sectional Committee had been approved by the 
Electrotechnical Division Council. 

0.2 This standard was first issued in 1966 and covered recommended 
practices for the co-ordination of the insulation of electrical equipment 
located in electrically exposed situations. The insulation levels recom- 
mended in the 1966 edition were on the basis of IS : 2165-1962*. This 
revision has been undertaken with a view to bring this guide in line with 
the latest technological developments taking place in the field of insulation 
co-ordination like the switching overvoltages. This -revision is aligned with 
the revision of IS: 2165 which has been issued in 1977 wherein proper 
emphasis on the switching overvoltages has been covered. 

0.3 Probabilistic concepts and probabilistic language have also been 
introduced in this revision for the procedure of insulation co-ordination. 
This revision acknowledges that the engineers, particularly those who 
work with extra high voltage field equipment, with the help of powerful 
computers, are now in a position to make use of such concepts, which 
afford a better knowledge of system and equipment behaviour and should 
contribute to a more economical design. 

0.3.1 The traditional approach to insulation co-ordination was and 
still is, to evaluate the highest overvoltagc to which an equipment may be 
submitted at a certain location on a system, and select from a table of 
standardized values the withstand voltage presenting a suitable safety 
margin. 

Both overvoltage evaluation and safety margin selection arc largely 
empirical and, in many cases, the choice of the insulation level is stiU 
more readily based on the previous experience in the system or other 
similar systems. 

*Guide for insulation co-ordination. 
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The object of this standard is not to give strict rules for insulation 
co-ordination and design, but to provide a guidance toward rational and 
economic solutions. Therefore, it is intended to consider only a few basic 
cases, it being evident that stations constituting exceptions to normal 
design, or included within systems having exceptional characteristics, will 
require special study by experienced engineers. 

0.3,2 In a more elaborate process, it is recognized that overvoltages are 
random phenomena and that it is uneconomical to design plants with such 
a high degree of safety that they can sustain the most infrequent ones. It 
is also acknowledged that tests do not ascertain a withstand level with a 
100 percent degree of confidence. In consequence, it is realized that 
insulation failures can occur occasionally in well-designed plant, and that 
the problem is to limit their frequency of occurrence to the most econo- 
mical value, taking into account equipment cost and service continuity. 
Insulation co-ordination should be more properly based upon an evalua- 
tion and limitation of the risk of failure than on the a priori choice of a 
safety margin. 

0,4 In accordance with the latest decision taken at the international level, 
it has been decided to use the term ^surge arrester' in place of 'h'ghtning 
arrester', 

0,5 In the preparation of this standard assistance has been derivecifrom 
lEC Pub 71-2 (1976) 'Insulation co-ordination — Part 2 : Application 
guide' issued by the International Electrotechnical Commission. 

0,6 A typical example for 220 kV transformer has been included in 
Appendix A to make the guide more useful since 220 kV system is more in 
vogue in our country. 

0.7 For the purpose of deciding whether a particular requirement of this 
standard is complied with, the final value, observed or calculated, expres- 
sing the result oi a test, shall be rounded off in accordance with IS; 
2-1960*. The number of significant places retained in the rounded off 
value should be the same as that of the specified value in this standard. 



1. SCOPE 

1,1 This standard provides guidance on the selection of the electric 
stTQii^iati of equipment, of surge arresters or protective gaps, and of the 
most suitable degree of switching overvoltage control. The rated with- 
stand voltages of the equipment are covered in IS : 2165-I977f which forms 
a necessary adjunct to this standard. 

Note — This guide is based on apparatus types and ratings in use at present. As 
new equipment and equipment characteristics are developed and provrd, this ^^de 
should not be interpreted as a limit to their adoption. 

*Rules for rounding off numerical values {revised), 
f Insidatiop co-ordinfttion ( sec9nd revision }. 
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1.2 This guide covers jonly phaae-to-earth insulation and dcak separately 
with the diree following ranges of the highest volt^e for equipment: 

a) Range A : above I and less than 52 kV. 

b) Range B : from 52 to less than 300 kV. 

c) Range C : 300 kV and above. 

1.3 It covers installations of all kinds and in all situations involving 
volt^es higher than 1 kV, whether they are exposed to lightning or not, 
with the exception of overhead lines. However, the test procedures apply 
to the latter also. 

2. TERMINOLOGY 

2.1- For the purpose of this standard the definitions given in IS : 2165-1977* 
shall apply. 

3. VOLTAGE STRESSES IN SERVICE 

3.1 General — Dielectric stresses on insulation may be classified as follows: 

a) Power-frequency voltages under normal operating conditions, 

b) Temporary overvoltages, 

c) Switching overvoltages, and 

d) Lightning overvoltages. 

In IS : 2165-1977*, the overvoltages are classified with reference to 
the shape of the voltage wave which determines their effect on insulation 
and on protective devices, without reference to the cause of the 
overvoltages, 

3.1»1 The term 'temporary overvoltages' refers to sustained overvoltages, 
or to overvoltages having several successive peaks, with a decrement of the 
amplitude such as to be comparable with a sustained voltage at power 
frequency or at harmonic frequency. 

3.1.2 The term 'lightning or switching overvoltages' refers to over- 
voltages for which only the highest peak value has to be considered and 
which can be represented, with regard to their effects on insulation and 
protective devices, by the steep front standard lightning impulse or the slow 
front standard switching impulse used for test purpose. The foregoing 
names have been chosen because such overvoltages often, but not always^ 
originate from lightning discharges or switching operations. 

3.1.3 For example, the energization of a transformer-terminated line 
gives rise to an overvoltage that may be regarded as a switching or tem- 
porary overvoltagc depending on the decrement of the successive peaks 

* «nsulatioQ co-ordination ( second revision ). 
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(that is, depending on the circuit constants). As another example, a line- 
to-carth fault, although actually a switching operation (the same pheno- 
menon would arise if a phase conductor was connected to earth by a 
circuit-breaker operation) may give rise to steep-front overvoltages, similar 
to those due to lightning; on the other hand a lightning surge transferred 
through a transformer by inductive coupling between windings may 
produce on the secondary side of the translbn n er long» fronted waves, 
similar to those due to switching operations* 

3J2 Power Frequency Voltages — In insulation co-ordination processes, 
since overvoltages and impulse voltages are defined in terms of thw peak 
values to earth, it is also convenient to n^ke use of the phasc-to-earth peak 
value of the system vpltage, which is \/2 / V3 «• 0'816 times the usual 
rms phase-to-phase voltage. 

Under operating conditions, power-frequency voltage can be e]q>ected 
to vary somewhat in magnitude and may be described by means of a 
probability distribution about the average operating value. This distribution 
will differ from one point of the system to another. 

For purpose of insulation design and co-ordination, it should, how- 
ever, be considered as constant and equal to the highest voltage for 
equipment, which in Range C does not materially differ from the highest 
system voltage, with a peak phase-to-earth value of t/m \/2 / \/3- ^^ 
Range A and in Range B up to 72*5 kV the highest voltage for equipment 
may be substantially higher than the highest system voltage, as given 
in 2J of IS: 2165-1977*. 

For the sake of standardization it is, however, assumed that equip- 
ment insulation will always be able to operate satisfactorily at the highest 
voltage for equipment immediately above, if not equal to, the highest 
system voltage. 

3.3 Temporary Overvoltagea — The severity of temporary overvoltages 
is mainly characterized both by their amplitude and duration. 

The importance of temporary overvoltages in insulation co-ordination 
is twofold: 

a) on the one hand the characteristics of temporary overvoltages at 
the surge arrester location are of great importance in surge 
arrester selection: and 

b) ou the other hand, the successive repetition of overvoltagc peaks 
of opposite polarity, even if of lower amplitude than some other 
overvoltages may determine the design of both the internal insul- 
ation of equipment as well as the external insulation ( surfaces 
exposed to contamination ). 

* Insulation co-ordination ( second rmskn). 
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Temporary overvoltages generally arise from: 

a) earth faults, 

b) load rejection, and 

c) resonance and fcrro-resonance. 

3.3«1 Earth Faults — The overvoltage at power frequency on the sound 
phases when another phase is accidentally earthed depends, at a given 
point of the system, on the treatment of the system neutral with respect to 
earth, as characterized by its earth fault factor at that point. 

3.3.1.1 In the evaluation of the earth fault factors the following 
remarks should be considered : 

a) In general, in order to evaluate this factor at a given location, 
it is assumed for simplicity that the fault is located at the point 
for which the factor is clesired; but, in some special cases, it may 
be desirable to investigate the effect of other locations on the 
highest value of the voltage to earth. 

b) In principle, there are as many particular values of the earth 
fault factor at a given location as different possible configurations 
of the system. The factor which characterizes the location is the 
highest of the values that correspond to the different system con- 
figurations which may occur in practice. 

c) The system configurations which have to be considered are those 
which exist during a fault; thus one should take into consideration 
those changes in the system which may be produced by the fault 
itself, for example, on account of the operation of circuit- 
breakers. 

d) For many systems, it will be sufficient to consider only one value 
of the earth fault factor which covers all the locations on the 
system. 

e) Attention is drawn to the fact that the highest voltage at system 
frequency which may appear on a sound phase during a particular 
earth fault does not depend only on the value of the earth fault 
factor but also on the value of the phase-to- phase voltage at the 
time of the fault. This phase-to-phase voltage will generally 
be taken at the highest system voltage, as given in 2.2 of IS : 
2165-1977*; but, in some cases, in order to predict the operation 
of protective devices and specify their characteristics, it is 
necessary to take into account the increased value of the 
phase-to-phaae voltage that may appear at the selected location 
under the abnormal conditions not covered by this definition. 



•Jnsulation co-ordination ( second revision ). 
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3*3 .1,2 Within Range A and in some cases within range B many 
systems or installations are operated with their neutral earthed through a 
lugh impedance; an arc-suppression coil or with their neutral isolated. For 
the purpose of insulation co-ordination particular attention shall therefore, 
be paid in these cases to the earth fault factor, 

3.3.1 «3 Independently of the earth fault factor particularly high 
overvoltages may arise in Range A and Range B systems in the case of: 

a) earth faults in a system the neutral of which is earthed through 
an arc-suppression coil when the circuit is under-compensated. 

b) arcing earths in a system, the neutral of which is isolated and 
in many cases in a system the neutral of which is earthed through 
an arc-suppression coil, 

3.3.2 Sudden Changes in Load — In the usual conditions of operation the 
phaso-to-phase voltage does not exceed the highest voltage of the system 
( see 2.2 of IS : 2165-1977* ); but higher values may temporarily be reached 
in the case of sudden disconnection of large active and reactive loads; they 
dejpend on the system layout after disconnection and on the characteristics 
of the sources (short-circuit power at the station, speed and voltage regu- 
lation of the generators, etc). 

This voltage rise may be specially important in case of load rejection 
at the remote end of a long line (Ferranti effect). It affects mainly thc^ 
apparatus at the station connected on the line side of the circuit-breaker. 

Note — From the point of view of overvoltages, a distinction should be made between 
various types of system layouts. Extreme cases, namely, those with relatively short 
Uncs and lugh value of the short-circuit power at the terminal stations; and those with 
long lines and reduced value of the short-circuit power at the generating site may be 
considered. With the latter layouts, as are usual in an extra-high voltage system in its 
initial stage, much higher overvoltages at system frequency may result when a large 
load is suddenly disconnected. 

Due to the characteristics of the systems, overvoltages of this kind are 
more severe in voltage Range G than in voltage Range B, overvoltages of 
this kind, in voltage Range A, may occur in generator transformer-circuits. 

3«3.3 Resonance and Ferro- Resonance — Temporary overvoltages due to these 
effects may generally arise when circuits with large capacitivc elements 
( lines, cables, series compensated lines ) and inductive elements ( trans- 
formers, shunt reactors) having non-linear magnetizing characteristics, are 
energized. 

These situations arc generally found for systems in Ranges G and B 
in the following cases: 

a ) A lightly loaded line, fed or teminated by a transformer may show, 
for example, harmonic oscillations and pronounced overvoltages 
if the natural frequency of the linear part of the system corresponds 
to one of the harmonics of the transformer magnetizing current. 

^InsuUttion co-ordination ( ttcond rtomm ) , 
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b ) Subbarmomc oscillations and overvoltagcs may occur in series com- 
pensated systems terminated by lightly loaded power tnmsformers 
<Mr shunt reactors if the impreued voltage^ the effective circuit 
resistance, which is strongly influenced by synchronous machines, 
and the circuit capacitance fall between certain lixnits. 

c ) If harmonic filters are connected to a system containing saturable 
elements, oscillations due to resonances between these elements and 
the filter capacitors can develop. 

These ferro-resonance effects following energization processes are either 
stationary or last several cycles of the power frequency being related to the 
time constant of transformer in-rush currents* 

3.3.3.1 Causes of resonance and ferro-resonance in voltage Range A 
zre: 

a) resonance between inductive and capadtive components, for 
example, when capacitors for power-factor correction arc uscd- 

b) ferro-resonance which may occur when a transf<^mer whose 
secondary is loaded by a small capacitance only, is switched in <«• 
out, with an appreciable time between c^radons on each phase. 

c) ferro-rescmance which may occur where there is an inm-ccMned 
inductive load such as a voltage tran^ormer already connected or 
being switched in. 

3.4 Switching and U^htBing OvervoitagM 

S*4.1 For the purpose of this guide switdiittg overvoltagcs are, 9S stated 
above, of a type which may be simulated by a standard switching impufcct 
that is, an aperiodic wave with a firont duration of the order of hundrospf 
microseconds and a tail cf the order of thousands of microseconds. They 
stress the various parts of an insulation in about the same prop<vtions as 
power-fii^equency voltj^^ but arc not repetitive and only one peak of cither 
pdsuity is normally agnlficant. 

3.4^ L^tning overvoltagcs are thos^ which may be simulated by^ a 
standard li^^tning impulse, that is anaperiodic wave v^th a front duration 
Kdihe order of one microsecond and a tail duration of the order of several 
tens eff microseconds. Due to the front steepness tfiey stress more than the 
former the loi^pitudinal insulation of inductive windings, and because of their 
shorter duration, generally a somewhat higher stress may be withstood by 
a given insulation. 

3«4.3 These overvolts^es generally arise teom\ 

a) line energization and te-energization, 

b) faults and fault clearing, 

12 
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c) switchii^ of capacitive currents and of small or moderate inductive 
currents, 

d) load r<jectiosi, and 

e) l^tning strokes (first or subsequent components of a lightning 
flash). 

Nois — The ovenroltagei ia cases (a) to (d) depend on the cfaarmcteristics of the 
equqiMiient, espedaily of the drcoit-bfeakers, transformers and reactors. They may 
gcncfaUy be reduced by suital^ dioice oi the diaracterisdcs/that is, in case ( a ) for 
examf^y by osnig pre-insertion resistors or reactors and in case ( c } the overvoltage 
may be reduced by surge arresters connected between the circuit-breaker and the 
tranriormer. 

3.4^*1 Lm energization and re-energization overvoltages — Overvoltages 
due to closing, and to sii^le and three-phase reclosing are of great impor- 
tance in the selection of system insulation in Range C. In this voltage 
range,' restrike-free breakers are in general use. 

Overvoltages due to line enei^zation and re-energization are not <^ 
particular importance in the other ranges of voltages. 

3«43«2 Switching overooliages dme to faults and fault clearing — In Rai^ A 
and, in relatively few cases, in Range B under the conditions listed in it^xis 
( a ) and ( b ) in 3«3«1.3 high switching overvoltages can arise at the 
initiadon of a fault. 

In all the volt^^e ranges, high overvoltages may arise due to taidts to 
eardi in composite circuits ( overhead lines and cables as transformer ter- 
minated feeders ). 

At the h^est voltages <^ Range C a high degree of coi^ol of 
overvcJtages caused by line enex^g^zation and re-enei^zation is normally 
attended. For this reason switchii^ overvolta^s due to faults and &ult 
clearing ( $mgie and double line-to-earth faults and their clearance } need 
carefid ccKtoideration. 

3.4«3.3 Overt/Stages due to switching of inductive and c^acitive curreais — 
In Range A the svritdiii]^ iii inductive ex capacitive currents may give rise 
to ovc w>tb»gct » ivhidi may require attrition, both in high voltage dtstp^- 
bi^^oTA tv^^e^ aad in indhs^^ installations and power stationa. te the 
case tyf A^e Ibrmer, hq^ overvoltages may arise if the ^cuk-breakcr 
ddomes «o rapidly as to forcd the current pfemalundy to zero, so-called 
current ch op ping . 

In particular the followiiq^ switdtnig o|K^aticms are to be taken into 
comideradcm: 

a) intcmiptian of die ^MT^;^ currents of motiMTs; 

b) Intermptiaii of inductive current^ for example, when interruptis^^ 
tbe magnedziiqc curreitt of a traaafomier ex reactcMr; 

c) Sw^idting and operatioa id urc furnaces and their trandbrmers 
winch may lead to current chom>ing; 

IS 
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d) Switching of unloaded cables and capacitor banks; and 
c) Interruption of currents by high-voltage fuses. 

In Range B overvoltages due to the interruption of capacitivc currents 
(switching off unloaded lines, cables or capacitor banks ) may be parti- 
cularly dangerous since the use of restrikc-free breakers may not alway be 
assumed. 

3.4*3*4 Load rejection — Overvoltages due to load rejection may start 
with a high switching surge followed by a temporary overvoltage. 

Overvoltages of this kind are particularly important in Rang G at 
the highest voltages where a high degree of control of reclosing surges is 
attempted. 

3*4«3.5 Lightning overvoltages — Lightning overvoltages are caused either 
by direct strokes to the phase conductors, back-flashovers, or as a result of 
earth flashes in the proximity of the line which produce indirect lightning 
surges. The overvoltages by which subsiation insulation is stressed are a 
function of the line construction and the system configuration. The confi- 
guration of the station itself has a great influence if the travelling time of 
surges within the station is not neghgible in relation to the front time of the 
surge. 

Depending on the system configuration, overvoltages with time 
parameters in the range of switching surges may abo arise as a result of 
lightning strokes. 

Lightning discharges which produce significant overvoltages, in Range 
B and G, are confined to direct strokes to phase conductors or strokes to 
towers or earth wires with subsequent back-flashovcrs. 

In Range A indirect lightning surges shall also be considered. 
Furthermore in this range surges transferred through transformers firom 
a higher voltage system need careful consideration. 

3.5 Determination of the Expected Overvottage Level 

3,5»1 Rat^e A — For voltages of less than 52 kV switching overvoltages 
constitute generally no serious problem for overhead supply systems and 
insulation co-ordinadon is based on lightning overvoltages. 

Switching overvoltages transferred from an overhead line into a plant 
through transformers or lengths of caUe- may, in general, be ignored for 
the same reason. An exception is the case of an installation connected to 
the lower-voltage side of a high-voltage transformer feeder, particidarly if 
resonance occurs between the two systems during one or two-phase 
energizing. 
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In industrial plianls and power stations, the amplitudes and 
waveshapes of switching overvoltages generated within the installation 
vary over a very wide range. In the great majority of cases they are 
innocuous; in some, serious overvoltage magnitudes and rates of change may 
occur. Thus sudden voltage swings may be caused when a switching 
device rc-sirikes; the resulting rate-of-change of voltage may equal that 
caused by a severe close lightning strike. 

Avery large amount of practical operational experience is available 
from different industrial plants and power stations and the most severe 
overvoltages or voltage swings may usually be avoided by elinainating 
resonance and by the correct choice of switching device to be employed. 

Detailed representation of the system tinder consideration on the 
digital computer or on the TNA may not be economically justified at this 
voltage level since accurate representation is needed to obtain accurate 
results and a complex plant frequently consists of many pieces of equipment 
and electrical connections. Furthermore the operation of some types of 
switching device and arcing earths arc difficult to simulate with a sufficient 
degree of accuracy. Experience is often the best guide and in exceptional 
cases, deliberate switching tests with simultaneous recordings ( both high- 
speed and low-speed ) will produce the most valuable information so that 
remedial measures may be taken as the result of subsequent calculations 
and confirmatory tests. 

The amplitudes, waveshapes and frequency of occurrence of lightning 
overvoltage on systems in Range A may be ^timated with a reasonable 
degree of accuracy. As the impulse flashover voltage of insulators used on 
overhead lines in this range is quite low as compared with the potential 
impressed on such a line by a direct lightning stroke, the stresses to which 
substation equipment is liable to be subjected are primarily determined 
by the type of line construction. Thus careful protection of substation 
equipment is j-equired if this is connected to a wood-pole line with unearthed 
crossarms. Reduced protection is needed where the lines arc erected on 
steel masts, reinforced concrete poles or where met^ crossarms are 
otherwise earthed. 

Apart firom this important difference, the amplitude and waveshapes 
are affected by the following factors which characterize the constitution of 
the system and arrangement of the station. 

3.5.1.1 Surge impedance of those lines or ccbtes which are connected to the 
station — For example, when only one line is connected to a terminal trans- 
former the surge is reflected at the termination and is doubled in voltage 
amplitude; when n lines of the same surge impedance are cormected to the 
busbars of a station and if no lightning stroke to the line occurs near the 
station, the voltage at the busbars becomes 2 u/n, where u is the amplitude 
of the surge volts^e transmitted along the line on which the liriitning surge 
origiiiated. 
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3«5.1»2 Cables with an earthed nutalUc sheath in serus with the line or connected 
between the station busbars and apparatus to be protected — A short cable mainly 
reduces the steepness of most of the waves entering the station; a cable of 
one or a few kilometres length may also reduce die surge amplitude. In 
the case of a direct lightning stroke to the last span in front of a station^ a 
cable section between overhead line and station affords practically no 
relief to the station equipment. 

3.5.1.3 Protective earth wires on the overhead lines extending up to a few 
kilometres ahead of the station — These are effective against close lightning 
strikes to the line which are the most dangerous. This presupposes that 
shielding by the earth wires is sufficiently well designed to prevent direct 
strokes reaching the phase conductors, and that the earthing resistance 
of the tower b sufficiently low to reduce the risk of back fla^ovcr, for 
example, 10 ohms for a 36 k V line, 

3.5*1 .4 Protective spark gaps or protective earth wires extending over one or two 
spans in front of the station — These may materially reduce the amplitudes of 
inoHning siuges on lines with high insulation to earthy for example, on 
fully insulated wood*pole lines. 

3»5«1.S Earthing resistances and iwluctances of the down leads of towers, 
partiatlarly dose to the station — In the cases of high values of earthing resis- 
tance or the inductance of the down lead of the tower or pole, a lightning 
strike to such a tower or pole or to an earth wire may cause high over- 
voltages on the phase conductors by back flashov^ across the line insulators 
to one or more phase conductors. 

3.5.1«6 In Range A lightning suiifcs transferred through transformer, 
are also important. Analytical expressions for the electrostatic and 
electromagnetic terms of the transferred voltage are derived in Appendix A. 

3.5.2 Range B — In this range of v^tages also the insulation levels are 
g^i^rally such that switching overvolta^^ea are seldom a major problem 
and that insulation co-ordination is still mainly based upon hghtning 
overvoltages in overhead line systems. 

Furthermore, also in this volta^ range, there is usually no decisive 
economic incentive towards a detailra study erf" ovcrvoltagc stresses. 

Thus the considerations in 3«5«1 also apply to Range B. 

3.5 J Range C— Although a switching impulse test has been substituted 
in this range, as more realtsticv for the traditional one minute power fre- 
quency test, it is only for the h%hest vbIvcm of the lange that switchii^ 
overvoltages become the predominant factor in insulation co-ordination. 

The high cost of equipment then compels consideration of less 
liberal designs of insulation co^ordin^on, while, in turn, the serious conse- 
quences of a failure necessitate a more precise estimation of the overvoltages 
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to be expected. These have to be evaluated for each type of significant 
overvoltage in the particular system considered. 

Because of the extensive computational requirements, virtually all 
practical overvolt^e predictions must be made using transient network 
analyzers or digital computers. 

Experience with studies of a wide variety of systems has shown that 
development of generalized formulae for expected overvoltages is difficult 
because of the large number of parameters affecting the overvoltage value. 

Both analogue and digital techniques of transient solution require a 
reasonably high level of skill in problem-solving. These skills are princi- 
pally useful in the selection of significant cases { it being impractical to study 
all possibilities ), in the reduction of the system to a reasonable number of 
busbars and lines ( it is not practical to represent the entire system on 
either TNA or digital solutions ) and in the description of system constants 
and apparatus characteristics. 

Whenever possible, field tests to check the validity of the parameters 
used are recommended. 

In the sophisticated approaches to insulation coordination now which 
arc increasingly used for the highest values of voltage, the amplitudes of 
the overvoltages to be expected at a given location due to a given type 
of event, may not be defined by a single value {see Fig. 1 ). It is only 
possible to state what is the probability /^ ( U) dU that an overvoltage 
value comprised between U and U -\- dU may occur, /o ( U) being the 
overvoltage probability density. The probability Fo{U* ) that the value 
U' may be exceeded is then given by : 



•(1) 



U' u 

4. INSULATION WITHSTAND 
4.1 General 

4.1.1 Self-Restoring and Non-Self- Restoring Insulation — Clauses 2.8 and 2.9 
of IS: 2^65- 1977* subdivide insulation into self-restoring and non-self- 
restoring insulation according to its behaviour in case of the occurrence of 
a disruptive discharge during a dielectric test. On the former kind of insu- 
lation it is possible to carry out tests under conditions that imply an 
sq>preciable risk of such discharges, for example, by applying a large number 
of impulses at the rated impulse withstand voltage, or even in conditions 
with deliberately applied discharges as in a 50-percent disruptive dis- 
charge test carried out at voltages above the rated impulse withstand level. 

*Iiuul«tion co-ordinatioa { second rwision), 
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IB Overvoltages Across an Insulator String Due to Lightning Strokes to the Tower 
f^ [[j> = overvoltage probability density 
fo ( U ) — overvottage ( cumulative ) probability 

Fig. 1 Overvoltages 
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On non-self-restoFing insulation a disruptive discharge destroys the 
insulating property of the insulation and a large number of impulses at 
rated withstand voltage may result in a gradual deterioration of the 
inquisition. Non-self-restoring insulation is for these reasons tested by appli- 
cation of a limited number of impulses at rated withstand voltage. 

The degree of information on the dielectric strength of the equipment 
directly obtainable may thus be much higher for self-restoring insulation. 
Howeva:, in the case of non-self-restoring insulation, the economic impor- 
tance for the manufacturer of the risk of having the equipment rejected 
tends to oblige him to design the equipment for a very low probability of 
failure under test. Taking these two factors together, no difference is made 
in IS: 2165- 1977* between impulse withstand levels, in relation to the 
kind of insulation or the nature of the test. 

While self-restoring insulation does not lose or modify its insulating 
ability following a disruptive discharge in. a dielectric test, it should not 
be inferred that damage may not occur in service if the disruptive discharge 
is followed by an intense power arc. 

Furthermore, possible damage to equipment is not the only 
consideration to be introduced in the selection of an acceptable risk of 
discharge in service, as the effect on continuity of supply also has to be 
consid^^. For example, a much lower probability of insulation failure is 
required in the case of bus-bars than on iadividual lines. 

It shall be emphasized that the insulating structures of a piece of 
equipment are always made up of self-restoring and non-self-restoring parts. 
Gr^erally it may not, therefore, be stated that the insulation of an apparatus 
is self-restoring or non-self-rcstoring. But the probability that discharges 
may occur across or through non-self-restoring parts in the presence of self- 
restoring parts may, for different types of equipment, be negligible or not. 
Due to the different voltage-time discharge characteristics of solid and air 
insulations, this probability tends tc increase with increasing impulse 
voltage amplitudes: thus it may be negligible at the rated withstand voltage 
but may become appreciable around the 50 percent disruptive discharge 
voltage. 

4.1.2 Selection of the Type of Test — For some types of apparatus, within 
the range of overvoltages that tests have to simulate, the probability that a 
discharge occurs across a non-self-restoring part is negligible. In this case 
the discharge probability coincides with that of the self-restoring parts of 
the apparatus and its insulation may be called essentially self-restoring; or, 
for the sake of simplicity, self-restoring. Disconnecting switches may be 
considered an example of this type; in fact even when applying impulses 
well above the 50 percent discharge voltage during a 50 percent discharge 
test, sparkover takes place usually in air without any puncture of the porce- 

* Insulation co-ordination (second revision ), 
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lain. For this type of equipment the test given in 7.3 of IS : 2165-1977* 
is possible and recommended. 

Insulationofother pieces of equipment, for instance bushings, behaves 
like self-restoring insulation up to the rated impulse withstand voltage 
level, but this implies an overinsulation of the non-self-rostoring parts as 
compared with the self-restoring ones, and this overinsulation, although 
economicaUy permissible, hasto be limited to an acceptable extent. Thus, 
above this value a non-negligible probability exists that discharge takes 
place on non-self-restoring parts. Insulation of this type of equipment, 
that could be called combined, should be tested according to 7.4 of 
15:2165-1977*. 

Finally, the cost of the non-self-restoring parts of some equipment, 
for instance power transformers, may be so high as to make overinsulation 
unacceptable. Insulation of this kind of equipment is called essentially 
non-self-restoring or, for the sake of simplicity, non-self-restoring. This 
kind of insulation is verified by means of the test described in 7.5 of 
18:2165-1977*. 

Considerations on the validity of the above tests are given in 
Appendix B. 

4.2 Insulation Behaviour at Power-Frequency Voltage and Tempo- 
rary Overvoltages— In general, discharge under power-frequency voltage 
in normal operating conditions and under temporary overvoltages will be 
caused by progressive deterioration of the insT;lating properties of the 
equipment or by exceptional reductions in insulation withstand due to 
severe ambient conditions. 

In the latter case» the concept of probability is applicable to the degree 
of contamination ( see 3.2 ) . 

Because of the difficulties involved, no use of statistical concepts will 
be made in these specifications in respect of insulation behaviour at 
power-frequency voltage and temporary overvoltages ( j^tf also 6.1 and 6.2 ). 

4.3 Probability of Dischai^e of Insulation Under Impulse Voltages — 

The ability of a given insulation to withstand the dielectric stresses caused 
by the application of an impulse of given waveshape and peak value U is, 
in most cases, a random phenomenon, even if we consider a time interval 
so small ( such as that needed to carry out a dielectric test on equipment ) 
that the ambient and insulation conditions may be considered constant, at 
least in respect of quantities such as pressure, temperature, humidity, etc, 
which may be measured and which are used to define the ambient and 
insulation conditions during tests. 

The discharge probability of an insulation to an impulse of given 
waveshape and polarity, and to a^peak value f/ in a short time interval as 

♦Insulation co-ordination ( secow^ revision }. ' 
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defined above ( for example, in a dielectric test ) may be determined, if 
the insulation is self-restoring, by applying the impulse U W times within 
this time interval, and counting the number 'n* of discharges. From the 

value -rrjr a numerical value may be obtained for this probability which 

will be the more accurate the greater the value is of ^N^. 

Determination of the discharge probability of a given piece of non- 
self-restoring insulation caused by the application of a very small number of 
voltage impulses of given waveshape and peak value f7, which shall be 
withstood without any failure is, obviously not possible; but this should not 
prevent us from regarding it as existing in theory and studies are continuing 
on the probability aspect of non-self-restoring insulation failure. 

If we consider either switching or lightning impulses of different peak 
values Z7, we shall be able to associate with every possible value of L'' a 
discharge probability Pt? thus establishing a relationship P^ [U) for a 
given insulation in a short time interval At or for the sake of simplicity at 
a time t ( see Fig. 2 A ) . 

The values of Pt{ U) increase from near to near 100 percent 
probability in a more or less narrow band of voltage values. In general 
the resulting curve may be defined by a biparametric law, one parameter 
being associated with the position of the band and giving an indication 
of the withstand level, and the other associated with the bandwidth and 
giving an indication of the scattering of the voltage values which give 
appreciable proportions of both discharges and non-discharges. 

Generally in a laboratory the parameter that defines the position of 
the probability curve is taken as the voltage JJx^q which corresponds to 
the 50 percent discharge (withstand ) probabiiity. The standard deviation 
of the distribution (at ), which corresponds to half the difference between 
the voltages that give discharge probabilities of 16 percent and 84 percent, 
is usually taken as the parameter which expresses the scattering. 

In the service the ambient and insulation conditions do not remain 
constant. Therefore, the discharge probability curve of insulation, as defind 
above for the time t, is bound to change from one moment to another {P^^ , 

Pt" ) {see Fig, 2A ). The variations are determined, as regards external 

insulation, mainly by atmospheric conditions. 

Taking the ambient and insulation conditions as random, it will be 
necessary to consider for each insulation, in addition to the discharge 
probability P^ { U), as defined above, also a discharge probabihty of 
insulation P^ (U) to overvoltages of amplitude t/ liable to occur at any 
instant of a long time interval T of operation. For the purpose of insula- 
tion design, it is this second distribution which is of interest to the engineer 
(.f«Fig. 2C). 
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Similarly to P^ ( U),. Fr{U) ma^ be defined by the voltage £/ts« 
which corresponds to the 50 percMit cfischarge ( withstand ) probability and 
by the standard deviation ctt of the distribution. 

The variations of P\{ U) within the time interval ^T may be 
conveniently defined by the probability density Pn which is a function 
of t/t$0 taken as a random variable ( se$ Fig. 2B ). This latter function 
in turn may be characterized by the 50 f)ercent discharge voltage (/tso 
and by its standard deviation an. 

On the simplifying assumption that the standard deviation ot of 
P% {U) h constant within the time interval ^7-, the following relation 

holds: 

<Jt= V <yt* + <Tn* '■ (2) 

In clause 2.22 of IS: 2165-1977* the parameter that defines the 
poftttioa of the probability curves P {U) is taken as the volt^e which 
corresponds to a withstand probability of 90 percent although the 50 
percent dischaiige voltage which was referred to above is a convenient 
measure for pieces of insulation that may be submitted to a 50 percent 
disruptive discharge tests. 

The reason for this choice is that the 50 percent disruptive discharge 
test may not generally be applied to all kinds of insulation. Thus, in order 
to have the same value of the rated impulse withstand voltages for all 
types of equipment, whatever its insulation, and to use these values 
directly in the definitions of the statistical distributions, it has been deemed 
appropriate to relbr to a higher value ( 90 percent ) of the withstand 
probability, the rated impul^ withstand voltage £/rw being identical 
with the lowest permissible value of the statistical impulse withstand 
voltage under specified test conditions ( Z7t»»). 

For risk-of-failure evaluations it is, however, convenient to express 
the probability curves of insulation discharge in terms of their 50 percent 
discharge voltages and standard deviations. 

Assuming for Ft {U) a Gaussian diitE&uticni with standard deviation 
at, Ac difference between the 50 percent dix^narge ( withstand ) volts^e 
and die statistical or 90 percent withstand vobage k given bv: 

^^--^izr^a^ ... (3) 

at is taken as 0*03 or 0'06 dqpendmg on the type of impulse, light- 
nine or switching, unless another value has been spedfied for the relevant 
equipment {see 7 J of IS 1 2 165-1977* ). 

The probability d[ discharge Pt ( ^) of a pecc of equipment which 
during the test is conforming to what is specified in XS : 2165-1977* may 

*Iqsiilatipn ^o-otdxnutioa ( ucimd nvisum ). 
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then be defined in terms of its 50 percent discharge voltage and its 
standard deviation, as follows: 



1 — 1-3 at *^ 1 —1-3 at ... (4) 

The Pi { U)y defined by the above parameters, refers to the most 
severe test conditions for the equipment, since ^/rw is the rated switching 
or lightning impulse withstand voltage. Therefore, if impulse tests have 
to be made with the equipment both dry and wet, Pt { U) refers generally 
to the wet conditions. 

The probability of discharge in service Pr { U) of a given piece of 
equipment may be deduced from field tests only, depending on the site of 
installation. 

However, as a broad indication the Px ( ^ ) of a piece of equipment 
conforming to what is specified in IS : 2165-1977* may be defined, recalling 
equation 2, in terms of its 50 percent discharge voltage and its standard 
deviation, as follows: 



C/tw>* 



^RW 



1 — I'SCT 



aT=V<y2 + a2 (5) 

where k is the ratio between the 50 percent discharge voltage of a given 
equipment in service during a time interval A r ^nd the 50 percent 
discharge voltage under the most severe impulse test for the equipment 
( wet or dry, positive or negative polarity ). 

For switching impulses U of positive polarity, the values ofk and an 
relevant to time intervals Ar of fine dry weather or various bad weather 
conditions do not show appreciable differences. The same may be said 
concerning the degree of aipbient pollution, at least in the range from clean 
conditions to lightly polluted conditions. 

For switching impulses U of negative polarity, the values of k and 
an are highly dependent on the type of weather witiiin the time interval 
Ar under consideration. Concomitance of bad weather (rain, snow, 
fog, mist etc) and not negligible pollution leads to a low value of A;; bad 
weather also increases the value of an. 

Values of ^ a* 1 and an = 5 percent are suggested in these recom- 
mendations for normal conditions and a time interval Ar equal to the 
seasonal cycle to cover the worst polarity impulse. This value of an 
results in a value of a^ a little lower than 8 percent. 

•Insulation co-ordination ( second revision ). 
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The same values of A and an are also suggested for lightning impulses. 
This gives a Value of ax equal to 6 percent approximately. 

The information given above is to be considered merely as broadly 
indicative and it is recommended that use shall be made of more detailed 
data derived from field tests if available. 

4.4 Equipment with Windings — An equipment with high-voltage 
windings, such as a transformer or reactor designed to withstand only full- 
wave tests, is vulnerable to a certain extent to a surge of high amplitude 
chopped in its vicinity, because higher internal stresses than under full-wave 
conditions may be developed across adjacent turns and coils. All flashovcrs 
to earth in a substation result in chopped waves of various degree of ampli- 
tude and steepness. If because of the use of protective spark gaps these are 
liable to occur frequently in service the strength of the windings against 
surges shall be determined by testing with a suitable; chopped wave. The 
provision for such a test is left to the relevant equipment specification. 

Where non-linear resistor-type surge arresters are used for the 
protection of transformers^ chopped waves are less likely to arise and 
chopped wave tests are usually not required. 

For all types of apparatus having windings, such as rotating machines, 
transformers and reactors, rapidly changing voltages due to the rcstriking 
of switching devices may also produce non-linear voltage distributions 
similar to those caused by lightning overvoltages. For this reason, it is 
recommended that such equipment, irrespective of whether or not it is to 
be used in installations subjected to lightning overvoltages, should be tested 
with a lightning-impulse voltage to check the winding insulation for voltage 
withstand across turns and coils. 

5. PROTECTIVE DEVICES 

5.1 General — These devices fall under three classes: 

a) non-linear resistor-type surge arresters; 

b) expulsion-type surge arresters ( Range A only); and 

c) spark gaps. 

The choice between these three devices, which do not provide the 
same degree of protection, depends on various factors, for example, the 
importance of the equipment to be protected, the consequences of an 
interruption of service, etc. 

In the following clauses, their characteristics will be considered from 
the point of view of insulation co-ordination. 

5.2 Non-linear Resistor-Type Sarge Arresters — These protective 
devices should be designed and installed to limit the magnitudes of pycr* 
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vGlt£^^ against which they have to protect equipment so that the total 
surge-arrester voltage during operation does not exceed an acceptable 
value. They are defined and their characteristics are g^ven in IS : 3070 
(Part I)-1974*. Their rating is defined as the designated maximum 
permissible rms value of power-irequency voltage between their terminals 
at which they are designed to operate correctly; this voltage may be 
applied to surge arresters continuously without changing their operating 
characteristics. In addition to this defined capability, some types of suige 
arrestcrst may successfully withstand either (a) higher than rated voltage 
for a specified short duration or (b) a specked number of successive 
discharges. 

In either case a controlling factor in the selection of the surge arrester 
is its ability to interrupt power k>11ow current at either the rated voltage or 
at the higher temporary overvoltages. 

A primary point is that the total voltage produced across the 
terminals of the arrester at any moment during operation shall be considered 
in the determination of the switching impulse protective level and the 
lightning impulse protective level. 

5»2,1 Lightning Impulse Protective Level — The lightning impulse protective 
level of a surge arrester is characterized by the following voltages: 

a) The sparkovcr voltage for a standard full lightning impulse wave 
[ see Table 3 of IS : 3070 ( Part I )-1974* ]; 

b) The residual ( discharge ) voltage at the selected standard 
nominal current [ see Table 4 of IS : 3070 ( Part I )-1974* ]; and 

c) The front-of-wave sparkover voltage [5^^ Table 3 of IS: 3070 

(Part I).1974*]. 

NoTTB — The tables mentioned here give for each surge arrester voltage rating the 
upper limit for each of the above voltages. If better characteristics than thote q>eci&ed 
in IS : 3070 ( Part I )-1974* are available, the actual volUges for the specific surge 
arrester will be obtainable from the manii^cturer. Thus, it is recommended that the 
actual voltages for the surge arrester protective characteristics be used for co-ordination 
studies. 

The protective level under hghtning impulses is taken for insulation 
co-ordination purposes as the highest value among either (a)^ (b) or (c) 
divided by 115 (see 2.29 of IS : 2i65-i977J ). This evaluation of the 
protective level gives a conventional value representing a generally accep- 
table approximation. For a better definition of wave-front protection by a 
surge arrester, reference should be made to IS ; 3070 ( Part I )-1974*. 

^Specification for lightning arresters for alternating current systems : Part I Non-linear 
resistor type lightning arresters {first revision ). 

fThesc special types of surge arresters arc at present applicable to Range G only, 
^Insulation co-ordination ( suond revision ). 
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5Ji*2 SmicUng Impulse Protective Level — The switching impulse protective 
level of a surge arrester is characterized by the following voltages: 

a) The maximum sparkover voltage for the standard impulse shapes 
specified in 7.7.4 of IS : 3070 ( Part I )-1974*; and 

b) The total surge arrester voltage exhibited by the surge arrester 
when discharging switching surges. 

The protective level for switching impulses is the higher value of (a) 
or (b). Until a standard test for (b) is devised, reference should be made 
to the surge arrester manufacturer. 

5.3 Expalsion-Type Surge Arresters — These protective devices operate 
to limit ovcrvoltages and interrupt follow currents within their rating. 
Thev have low residual voltages. The characteristics of these devices arc 
givcA in IS : 3070 ( Part II )^1966t- 

The impulse sparkover characteristics resemble those of protective 
spark gaps but are in general iower and flatter for the same sparkover 
^stance. 

These arresters may not appreciably limit the amplitude of the follow 
current before interrupting it and may have current-interrupting ratings 
which must be compared with the prospective fault current and the pros- 
pective transient recovery voltage at the point of installation. 

5.4 Spark Gaps — The spark gap is a surge protective device which 
consists of an open air gap between an energized electrode and an earth 
electrode. 

On supply systems operating at voltages up to 245 kV spark gaps have 
proved satisfactory in practice in some countries with moderate lightning 
activity. The adjustment of the gap settings shall often be a compromise 
between perfect protection and service continuity but this diflSculty may 
be largely overcome by the use of rapid automatic reclosing. 

The sparkover voltage and the time-to-sparkover of the gap depends 
essentially on the distance between the electrodes; they are influenced by 
the shape of the electrodes and also by their disposition and distance 
relative to the neighbouring live and earthed parts. 

In order to improve the operation of a spark gap under steep-fronted 
surges and to provide a flatter impulse sparkover-voltage time characteristic, 
the geometrical configuration of tiie simple rod to rod electrode arrangement 
may be modified, for instance by appropriate shaping of the electrodes and 

*Specification for lightning arresters for alternating current systems : Part I Non-linear 
resistor type lightning arresters (first reoinon ). 

fSpecification for lightning arresters for alternating current systems : Fart II Expulsioii 
type lightning arresters, 
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by provision of a centt-al auxiliary electrode. In Range A duplex-type gaps 
have also proved advantageous in regions where birds or small animals are 
troublesome. 

5.4.1 Protective Characteristics of a Spark Gap — The protection obtained 
by means of spark gaps is less precise and the protective level may not be 
given as precisely as the protective level of non- linear surge arresters for the 
following reasons: 

a) The dispersion of the sparkover voltage of a gap; and 

b) The increase in the sparkover voltage with increasing amplitude 
of the applied wave when sparkover takes place on the front of the 
wave. 

The performance of a gap under impulse ( switching or lightning ) 
is characterized by the 50 percent value and the standard deviation of its 
discharge voltage under standard laboratory conditions. Since spark gaps 
constitute typical self-restoring insulation, the contents of 4.3 apply to them 
as well. Furthermore, because of the reasons given in item (b) above, 
knowledge of the times-to-sparkover of the gap for values of the applied 
impulses weM aboy* the 50 percent sparkover value is often needed ( see 
Appe^sedbt ,C )^ j -v^' . '^^^. . . 

SAALimttaf^^^^jHt^fll^tive Gaps 

5.4.2.1 When the gap operates on a voltage surge and a power-arc 
results, it frequently persists until disconnected by a fault protective device; 
this constitutes a short-circuit in the case of a system with directly earthed 
neutral, entails mechanical stresses on the various parts of the system equip- 
ment and may cause disturbances to consumers. The location of the gap 
should therefore, be considered in relation to its effect on the system 
protection and operation, 

5.4.2.2 The gap is unacceptable from the point of view of service 
countinuity if its presence noticeably increases the number of circuit 
outages provided these flashovers arc neither self-extinguishing nor 
interrupted by means of high-speed tripping followed by high-speed 
reclosing. 

5*4.2.3 Spark gap operation causes chopping of the wave, thus 
increasing the probability of producing chopped waves close to the termi- 
nals of protected apparatus. This has to be taken into consideration for 
insulation of high voltage windings ( see 4.4). 

5.4.2.4 Damage to the apparatus may be caused by the power arc 
across the gap if this is not installed in a suitable position. For instance if 
a spark gap is fitted to a bushing, for example, of a transformer or circuit- 
breaker, its distance from the bushing surface shall be sufficiently large to 
prevent a power arc being blown against the insulator, 
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5»5 Application of Different Protective Devices 

5.5.1 Protection with Non-linear Resisiot'Type Surge Arresters — In order to 
ensure that an apparatus i& not subjected to a surge voltage exceeding that 
which appears across a surge arrester, it is a general rule to locate 
the arrester as close as possible to the apparatus. In particular, surge 
arresters should preferably be either installed on th^ transformer tank 
or its high-voltage and earth terminals should be connected to the trans- 
former by the shortest possible connections. 

Similarly surge arresters should be fitted close to cable terminations, 
if they need protection, with the shortest possible connections between the 
terminals of the surge arrester and the phase conductor and the cable 
sheath respectively. 

Note — In the case of surge arresters close to the apparatus to be protected the 
following conventional safety factors are recommended: 

a) Range A — A safety factor of approximately 1*4 should be provided between 
the rated lightning impulse withstand level of the apparatus to be protected 
and the impulse protective level of the surge arrester. 

b) Ranges B and C — Conventional safety factors of 1*2 - 1*4 arc normally provided 
for lightning overvoltages. 

c) Range C — Conventional safety factors of 1*1 - 1*2 arc normally provided for 
switching overvoltages. 

The considerations in 15:4004-1978* shall also be taken into 

account. 

The installation of surge arresters close to the apparatus to be 
protected may be achieved more easily in Range A than in Ranges B and G. 

When the surge arrester is separated from the apparatus to be pro- 
tected the apparatus is subjected to a surge voltage which exceeds the 
protective level of the arrester. The excess voltage is due firstly to the 
inductive voltage drop in the connecting leads of the arrester itself and 
those connecting it to the apparatus to be protected. Secondly, if the Idnxe 
of surge propagation between arrester and apparatus is not negligible 
compared with the front duration of the incoming surge, the effect is a 
short-time increase of the voltage at the terminals of the apparatus to be 
protected over the protective level of the surge arrester. 

The increase due to both these factors depends on a number of 
conditions, namely, distance of the surge arrester and its location ahead of, 
or behind, the apparatus to be protected; characteristics ofthe line;xapaci- 
tance of the apparatus to be protected; arrangement of the station and 
steepness of the incoming wave. This increase may be limited by all 
arrangements which limit the steepness ofthe surge arrivmg at the station 

•Application guide for non-linear resistor-type surge arresters for alteraattng current 
systems ( second revision ) . 
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[ extension of shielding wir^j localised capacitance, cable ( eveji short) 
large number of connected lines]. The adoption of a reduced protective 
level is another help. 

5,5*2 Protection imth Expulsion-Type Surge Arresters — These arresters arc 
sometimes used on high-voltage distribution circuits where shielding againsi 
lightning is not provided ( Range A ). 

The impulse sparkover voltage time char acter«tics of such an arrester 
is flatter than that of a rod gap (rf the same sparkover distance, but not 
quite as flat as that of some type of equipment, for example, a transformer 
winding or a cable. 

Fof this reason, an adequate m^gin of safety is required, not only 
for the lightning impulsG sparkover volt^^e of the arrester and of the equip- 
ment to be pro^cted but also for the ccwrrcsponding front-of-wave spark- 
over voltage. These conditions are assisted by the usual practice of 
installing these types of diverter close to the equipment to be protected. 

For further specification concerning the applications of these devices, 
reference should be made to IS : 3G70 ( Part li )-1966*. 

5,5.3 Protection with Spark Gc^s — The impulse sparkover voltage-time 
curve of a spark gap is usually much more curved than those of some of the 
types CM apparatus to be protected, particularly those of transformers and 
cables. 

Due to the curved shape of the volt^e-time characteristic of a spark 
gap, the distance over which protection is given for all sii^es is very small, 
usually not more than a few metres. If a spark gap is applied for protection 
against suites of a limited front steepness ( considerably lower than the 
steepness of the standard lightning-impulse test voltage wave), a distance of 
several tens of metres between the gap and the object to be protected doles 
not appreciably modify the conditions for the protection provided against 
such surges. 

A spark gap is, therefore, liable to operate not infrequently when 
stressed by lightning surges, and occasionally when stressed by switching 
surges, the amplitudes of which are bdow the lightning-impulse withstand 
voltages of the apparatus to be protected. In a large number of cases the 
operation of the spark gap causes a circuit outage if the gap is on the 
supply side of the opening switch. If the supply may be restored quickly 
by high-speed automatic reclosing the siQtdsig of the spark gap may be so 
adjusted as to provide an acceptable d^frce of protection to the apparatus 
without causix^ an excessive number of troublesome supply interruptions 
to consumers. 

Note — Safety factors of the order of those given for surge arresters secure 

generally sati^actory protection pro\'ided the occurrence of very steep fronted sur^ 

is excluded ( Appendix C). 

* Specification for lightning arresters for alternating current systems : Part II Expulsion 
:ype lightning arresters. . 
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CL OCMMUMNATiON BSTWEEN SIWGSSES AND WITHSTAND 
CONSIDERATIONS CSOMMON TO RAN€;£S A, B ami G 



€J hnwhrti— Design to Power FrcqwcMcy Opcrauiii^ Voltage and 
Tenqporary Overv^u^pes — ProUons of Pfdlstiom aad Ageing — 

In 3-4 and 3^ <^ IS : 2165-1977* it has been specified that the relevant 
equipment ^>ecification shall prescribe the long dtiration power-frequency 
tests intended to demonstrate the beha^dour of equipment with respect to 
internal insulation ageing or to external pollution. Only general guidance 
is given to the equipment committees; it is indicated that as r^ards die 
volt^e under ncH'mal operating condidons, the insulation shall withstand 
permanent operation at the highest voltage for equifmient. 

6.2 PoUvtion 

6.2.1 For insulation susceptible to contamination, the problem of speci- 
fying a suitable test method and pollution severity levels is at present under 
consideration for various relevant equipment specifications. When contami- 
nation tests are established, it is anticipated that the system engineer will 
specify a decree of pollution severity level in relation to the pollution of 
the ambient in which the equipment is installed, 

6.2.2 Table 1 gives a provisional basis to the system engineer for estab- 
lishing a qualitative degree of pollution severity. 

6.2.3 A scale defined in quantitative terms with reference to a test method 
should be associated with each of the qualitative levek of natural pollution 
severity for various types of insulators. 

6.2.4 Besides being leproduciblc, a test method should, as far as possible, 
satisfy tlic requirement of vahdity, that is, of a satisfactory simulation of 
the natural conditions in which the equipment is to be installed. Therefore, 
the most sadsfactory tests, among those presently adopted, may vary from 
case to case. 

6*23 It shall be stressed that Table 1 does not cover some environment 
at situatior^ such as desert areas, where long dry periods aie followed by 
condensation or light rain, 

6.2.6 As an example, for line insulators, rather than a specific apparatus. 
Table 2 gives an indication of the possible requirements corresponding to 
the various types of tests. 

6.2.7 An indication of the required crcepage distance is also given, 
although it is recognized that the performance of surface insulation is 
greatiy affected by insulator shape. 

6.2.8 The data in Table 2 are intended to cover the^ behaviour of equip- 
ment at the appropriate voltage, that is, either Um/\/3 or Um in case of a 
system which may operate with a phase earthed for long durations. 

•Insulation co-ordination ( second revision ). 

31 



IS: 3716 -1978 



TABLE 1 PROVISIONAL SCALE OF NATURAL POLLUTION LEVELS 

( Clauses 6.2.2 and 6.2.5 ) 



PoLLirnoN 
Level 

(1) 
No significant 
poUution 



Light 



Environment 

(2) 
Areas without industries and 
with low density of houses 
equipped with heating plants; 
areas with some density of 
industries or houses but sub- 
jected to frequent winds and/ 
or rainfalls. Ail areas shall be 
situated far from the sea or at 
a high altitude, and shall in 
any case not be exposed to 
winds from the sea. 

Areas with industries not pro- 
ducing particularly polluting 
smokes and/or with average 
density of houses equipped 
with heating plants; areas 
with high density of houses 
and/ or industries but subject- 
ed to frequent clean winds 
and/ or rainfalls; areas exposed 
to winds from the sea but not 
too close to the coast ( at least 
about 1 km ). 

Areas with high density of indus- 
tries and suburbs of large cities 
with high density of heating 
plants producing pollution; 
areas close to the sea or in any 
case exposed to relatively 
strong winds from the sea. 



Performance of Existing 
Lines 

(3) 

No faults are observed in high 
humidity conditions ( fog, 
mist, etc ) on 145 kV lines even 
when equipped with less than 
9 to 10 insulators of the 
normal type*, nor on 245 kV 
lines even when equipped with 
less than 15 such insulators. 



Faults occur in fog conditions on 
145 kV lines with less than 
9 to 10 insulators of the normal 
type* and on 245 kV lines 
equipped with less than 15 
such insulators. 



Heavy Areas with high density of indus- Faults occur in fog conditions, 

or when the wind blows from 
the sea, on HV lines equipped 
with normal-type insulators* 
( unless the number of units 
per string is exceptionally 
large: more than 11 to 12 
units on 145 kV lines and more 
than 18 units on 245 kV lines). 

Vary Heavy t Areas, generally of moderate Faults occur in fog conditions or 

during salt-storms on HV 
lines, even when equipped 
with antipollution- type insu- 
latorst ( unless the number 
of units per string is excep- 
tionally high; more than 11-12 
iintipoliution units on 145 kV 
, lines and more than 18 anti- 
pollution units on 245 kV 
lines ) . 

'Reference is made to normal-type insulators with the following characteristic spacing: 
146 mm: diameter : 255 lum, creepage distance : 300 mm. 

t Areas of moderate extension very close to highways where a mixture of salt and bitu- 
men may cause severe deposits on the insulators may be subjected to a high pollution level, 

iThc reference to ant^otiudon^type insulators is somewhat vague due to the great 
variety of antipollution- type insulators which are presently in service on HV lines. 



Areas, generally of moderate 
extension^ subjected to indus- 
trial smokes producing parti- 
cularly thick conductive depo- 
sits; areas, generally of mode- 
rate extension, very close to 
the coast and exposed to very 
strong and polluting winds 
from the sea. 
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TABLE 2 PROVISIONAL RELATION BETWEEN POLLUTION LEVELS, 
TEST LEVELS AND CREEPAGE DISTANCE 



(Clauses 6,2,^ and 62.B) 



POLLUTtON 

Level 


Type 

. ,, , ,* 


OF Test 


Crskpaok 

DnTANGX/ 

Pra^-to-Eari 

VOLTAOB 




Salt Fog Method 
Withstand Salinity 


Solid Layer Method 
Layer Conductivity 


(1.) 


(2) 


(3) 


(4) 




kg/m» 


((*«) 


(cm/kVrmi) 


No significant 
pollution 


<5 


5 — 10 


2-0 — 2-5 


Light 


10 — 20 


10 — 20 


30 — 3*5 


Heavy 


40 — 80 


20 — 40 


40 — 5-0 


Very heavy 


> 160 


>50 


>6 



Note 1 — The values reported in the table were established on the basis of normal cap 
and pin insulators. For other types of insulator and pjb^cularly for very largel insulators 
in substations, the correlation with present test methods, between test lev^ and the 
creepage distance and service experience is not yet sufficient to give more de6mte indica- 
tions. 

Note 2 — The creepage distances given in the table are those recommended for the 
various pollution levels and do not necessarily ^ee with the creepage distances derived 
from thec<^ 3 of Table 1 which refer to existing lines whose behaviour to power frequency 
voltage may or may not be satisfactory. 



64.9 If temporary overvoltages are frequent and severe, it may be 
necessary to take them into account in prescribing the pollution test. 

6.2.10 In the case of stations with a high degree of pollution, when it 
may be impossible, or extremely expensive, to ask for the necessary per- 
formance of equipment under pollution conditions, the alternatives of 
greasing or washing the insulating surfaces, should be considered. 

6.3 Ageii^ — For insulation susceptible to ageing, the problem o£ 
specifying suitable test methods are also at present under consideraticHi. 

7. C30-ORDINATI0N BETWEEN STRESSES AND WlTfiSTAMD 
VOLTAGE FOR RANGE A 

7.1 Selection of the Rated Power Frequency Witluiti^d Voiti^e — 

Table 1 of IS : 2165-1977* indicates for each system voltage Um, one value 
of rated power-frequency withstand voltage only. 

*InBttUtion co-ordination (second revision). 
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7.2 Selection of the Rated Lightning-Impulse Withstand Voltage- 

Table 1 of IS : 2165-1977* leaves open the choice between two correspond- 
ing rated lightning-impulse withstand voltages, according to List 1 and List 2. 
Reduced rated lightning-impulse withstand voltages have been used with 
good results and for a wide range of equipment over long periods of time. 
Comprehensive tests have also been performed on different types of equip- 
ment for this voltage range to determine their impulse withstand voltages^ 
both for standard lightning impulses and representative switching impluses. 
It has been found, in particular, that the breakdown voltage of insiilation 
under typical switching impulses is always higher than that of the peak of 
the power-frequency test voltage. This is one of the reasons why it was not 
foimd necessary to introduce a separate switching-impulse withstand in 
Range A. 

The choice between List 1 and List 2 is to be made in accordance 
with 4.2 of IS : 2165-1977* and the following considerations relevant to the 
equipment installations : 

a) Equipment with no connection to an overhead line, 

b) Equipment connected to an overhead line through a transformer, 
and 

c) Equipment connected to an overhead line either directly or 
through a cable. 

TJ2»1 Eqaipmettt with No CSonnecticm to an Overhead Line — A 

wide variety of installations is covered by this category, for example large 
undcfground cable networks in cities, many industrial installations, power 
stations and ship installations. Equipment in such positions is not subject 
to any external ( lightning ) overvoltages but may be subjected to switch- 
ing overvoltages {se0 3.4.3*3). 

In 4.2 of IS: 2165-1977*, the conditions are specified under item 1 
in which equipment to List 1 may be used in such installations. In aU 
other cases, equipment to list 2 should be used and, with few exceptions, 
no furge protection is required. One such exception is an electric arc- 
furnace installiation whete high overvoltages are liable to develop due to 
current chopping by a circuit-breaker. Protection by special surge 
arresters may be required in such a case both between phases and between 
phases and earth. 

7.2*2 Equipment Connected to an Overhead Line Through a 
Transformer 

7«2*2.1 Cvenersiil considerations — Equipment connected to the 
lower-voltage side of a transformer the higher voltage side of which is 
supplied from an overhead line is not directly subjected to lightning or 

*Iiitulation co-ordination ( s§eond rmsitm ). 
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switching overvoltages originating on the overhead line. However, due to 
electrostatic and electromagnetic transference of such overvoltages from the 
higher-voltage winding to the lower- voltage winding of the transformer, 
such equipment may be subjected to overvoltages which, in certain 
circumstances, may exceed its breakdown voltage. 

Analytical expressions for the electrostatic and electromagnetic terms 
of the transferred voltage are given in Appendix A, 

For a given transformer the magnitudes and waveshapes of these 
transferred overvoltages are mainly dependent on the nature of the lower- 
voltage circuit and, for this reason, it is convenient to consider the selection 
of the rated lightning -impulse withstand voltage of the equipment and its 
protection separately for the two basic categories of installation as follows: 

Category I : Equipment connected through transformers to higher- 
voltage overhead lines, and incorporating connections of 
moderate length, say up to 100 m, between the lower- 
voltage side of the transformer and the equipment, such 
as the main supply switchgear of a cable distribution 
network or an industrial installation. 

Category 2 : Generator- transformer installation. 

7»2»2*2 Basic guidance 

a) Category I equipment — Factors which tend to increase the 
magnitude of transferred overvoltages for such equipment are: 

1) a transformer having a high voltage ratio and high capacitance 
between windings; 

2) a transformer disconnected from its load on the lower-voltage 
side; 

3) low-capacitance connections between a transformer and its 
associated equipment; 

4) a higher-voltage winding which is not earthed ( for example 
delta or unearthed star ), or having a star point which is 
earthed through a high reactance ( for example arc-suppression 
coil); 

5) surges having steep wavefronts and surges having long 
durations; and 

6) Switching surges due to energizing a transformer from a 
remote point on an overhead-line system ( that is energizing a 
transformer feeder ). 

Estimates of the magnitudes of transferred overvoltages may 
be made and methods of calculation, with examples, are described 
in Appendix A. 
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Category 1 equipment may usually be protected by surge 
arresters, and where such protection is provided as a normal 
practice it is not necessary to make thes« calculations. For other 
cases, basic guidance is given below on the nature of the 
transferred voltages, the general influence of circuit conditions 
and the criteria which may be used ' to determine whether 
precautions are necessary. 

Note 1 — For surge volUges between phases, transferred sui^e voltagei 
between phase* are often higher than those between phase and earth. Com- 
pared with the voltage to earth due to a surge on one phase of an overhead 
line, the phate-to^phase voltage may theoretically approach twice as much for 
the same surge or three times as much for equal surges of opposite polarity on 
two phases. Consideration should be given to the probability of this occurr- 
ing in service and hence the precautions which are necessary to protect 
atgainst it. 

Note 2 — For resonant voltages, a condition of resonance between two 
systems connected by a transformer may cause abnormally large voltag^ to 
be translerrcd through the transformer. It is recommended that an examina- 
tioa of the circuits for poo^c resonance should be made, and modifications 
shobld be made as necessary to avoid resonance. 

The application of short duration, or steeply rising, voltage 
surges to the higher-voltage side oi the transformer, for example, 
a lightning stroke to the transmission line very close to the 
transformer may through capacitive coupling, give a short dura- 
tion voltage *spike' on the lower-voltage side. This may exceed 
the impulse test voltages giwn in Table 1 of IS : 2165-1977*. On 
tlie other hand, the shortest possible front time, determined by 
wave impedance of the line and transformer input capacitance, 
is often so long that the capacitively transferred voltage may be 
ignored. 

For Category 1 equipment the most onerous conditicm rises 
when the load circuits arc disconnected, that is, on the trans- 
former side of the lower-voltage switchgear, since with the load 
connected its capacitance is tuually sufficient to reduce the 
amplitude of the initial voltage ^spike' to a safe value. 

If the capacitance oi the connections between the transformer 
and lower-voltage switchgear is not sufficient to reduce the 
amplitude of the initial voltage <s{Hke', either additional capaci^ 
tance may be c<Hinected between the transformer terminals and 
earth, or equipmait in accordance with Table 1, List 2 of 
IS : 2165.1977* shaU be used. 

It may also be desirable to ctcmsider adding surge arresters. 
Attention is also drawn to the possilnlity of increasing inductively 
translerrcd overvolt^cs by additional capacitance. This increase 

♦Insulation co-ordination ( S0c«md remsiM ). 
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may be reduced by a series dampii^ resistor of carefully adjusted 
resistance value. 

The application of a loiter duration voltage surge to the 
higher-voltage side of the transformer, for example, lightning 
stroke to the transmission Ime some distance from the transfor- 
mer or a switching surge, will, through inductive coupling, ^ve 
a voltage surge on the lower-voltage side of the transformer having 
a longer duration and an amplitude which shall be compared 
with the peak of the power-frequency test voltage given in Table 1 
of IS: 2165-1977*. Dangerously high overvoltages can be trans- 
ferred to the lower-voltage side of a transformer through capaci- 
tive coupling from the higher-voltage winding when an earth fault 
exists on the higher=volt^e system and v/hen the neutral of the 
system is earthed through an arc-suppression coil or when it is 
isolated. 

b) Category 2 m^m^nmt - — Recommendations on the need for surge 
protecticm of generator-transformer installations and on suitable 
types of protective equipment need to be based on consideration 
of overvoltages of atmospheric origin only since studies have not 
revealed any more onerous condition likely to arise from trans- 
ference of switching surges. Correspondii^ to the front ^ an 
incident lightning surge or to the collapse of voltage due to chop- 
ping there may be a capacitively transferred voltage of short 
duration (initial voltage 'spike'). This is independent of the 
longer-duration voltage which is usually transferred by the 
combined effect of inductive and capacitive couplings. 

The maximum amplitude of the initial voltage 'spike' is 
highly dependent on details of the design of the installation. 
Where these are such as to assist capacitive transference there 
may be justification for maikig a low-voltage surge-injection test 
on the installation or on the generator-transformer connected to 
a circuit simulating the generator and its external connections. 

Factors which tend to increase the magnitude of transferred 
over-voltages for such equipment ate : 

1) high capacitance between the transformer windings, 

2) low-capadtance connections between transformer and 
generator, 

3) h^h voltage ralio of transfcMrmcr, 

4) a lowcr-voltagc transformer winding not Qoxmcct*^ to a 
generator, and 

5) surges having steep wavefronts and surges having long 
duration. 



*Iiuulatioa co-ordination ( seeend reviswn ). 
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If there are indications that the amplitude of the initial 
voltage spike should be reduced, this may be done effectively by 
connecting capacitors from each phase to earth by means of low- 
inductance connections, preferably at the lower-voltage terminals 
of the transformer. Attention is drawn, however, to the possi- 
bility of increasing inductively-transferred overvoltagcs by ad- 
ditional capacitors. 

The longer-duration transference generally takes the form of 
a unidirectional voltage with superimposed oscillations having a 
frequency of several kilohertz and if reduction of this is necessary, 
consideration should be given to the addition of surge arresters. 

However, voltage division between the reactances of the 
generator transformer and the generator normally ensures that 
the amplitude of the longer-duration transference does not 
warrant the use of surge arresters. If the generator transformer 
can be energized from the high-voltage system when the gene- 
rator is disconnected, this voltage division does not occur and 
consideration should be given to the higher amplitude of the 
longer-duration transference aflfecting that part of the lower- 
voltage circuit which remains connected to the transformer. For 
large generator installations, surge arresters located on the 
generator are not considered as protecting the low voltage side of 
a connected transformer and calculations should be made. In 
so far as surge arresters can readily be applied to small install- 
ations there is no necessity in these cases for calculations of 
transference to be made. 

The effects of the application of longer duration voltage 
surges to the higher-voltage side of a transformer and their trans- 
ference to the lower-voltage side when an earth fault exists on the 
higher-voltage system when the neutral of that system is earthed 
through an arc-suppression coil, or if it is isolated, are subject to 
the same considerations as described for Category 1 equipment. 

7.2.2*3 Selection of insulcUion level — The choice of whether to use List 
1 or 2 of Table 1 of IS: 2165-1977* and whether additional overvolt^e 
protection is necessary should be based in the first place on service ex- 
perience with similar installations. It may also be useful to make measure- 
ments on an existing similar installation, using a low-voltage impulse- 
injection method. 

F^" a large installation, and where the necessary data concerning the 
transformer and the protective equipment are available, it will be useful 
to calculate the overvoltagcs liable to be transferred and to compare the 
results with the appropriate withstand voltages of the equipment to be 

*Iiisulation co-ordination ( s$cond retdsum ). 
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protected. This is normally advisable only for direct connections between 
generator and transformer and for low-voltage tertiary windings on large 
system transformers. If a circuit-breaker is installed between a generator- 
transformer and its associated generator, consideration should be given to 
the cases when the breaker is closed and when it is open, although a load 
b usually connected to the lower-voltage side of the transformer by which 
transferred voltages may be reduced even in the latter case. 

Several methods of calculation have been published and, on the 
whole, these seem to give similar results. Although no absolute accuracy 
may be claimed for any method of calculation, comparison between cal- 
culation and experimental results on a variety of installations has shown 
satisfactory agreement. It is therefore deemed appropriate to illustrate a 
method" of calculation by reference to two numerical examples, covering 
respectively Categories 1 and 2. Examples are given in A-2. 

7,2.3 Equipment Connected Directly to an Overhead Line — Equipment 
installed in a substation connected directly to an overhead line is subject 
to direct or indirect lightning overvoltages. Such equipment should, as a 
general rule, comply with the rated lightning-impulse withstand voltages 
specified in List 2 (Table 1) of IS: 2165-1977*. 

All equipment and, in particular, transformers in such positions 
require protection by surge arresters or spark gaps. Having regard to the 
fiat impulse-breakdown time characteristic of a transformer winding, trans- 
formers should preferably be protected by non-linear resistor-type surge 
arresters in areas of intense lightning activity. In areas of moderate 
lightning activity, expulsion-type surge arrestei^s may be used- Where 
lightning activity is sHght, protective spark gapi^:Eave proved adequate, 
particularly where the transformer is connected to a line with earthed 
crossarms or where the transformer is designed to withstand steep-fronted 
chopped waves. 

The bushings of circuit-breakers, instrument transformers and substa- 
tion insulators having curved impulse fiashover voltage time characteristics, 
may be effectively protected by existing protective devices on the 
transformers. 

In areas of moderate or low lightning activity, equipment having 
rated lightning-impulse withstand voltages in accordance with List 1 of 
Table i of IS : 2165-1977* may be used but, in that case, careful attention 
has to be paid to adequate covervoltage protection. In systems the neutral 
of which is earthed through a Iqw resistance, sui^e arresters or spark gaps 
may be used for this purpose. In systdmy the neutral of which is earthed 
through an arc-suppression coil, adequate overvoltage protection shall be 
provided; if surge arresters are used, those which can withstand repeated 
operations during the persistence of arcing groimds are reccnnmended. 

*Iii|ulattoD eo-ordinatton ( tuond rmtiw ) . 
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In the absence of any overvoltage-protective device, lightning surges 
impressed on an overhead line are limited only by sparkovers on the line 
at the weakest points which the surges meet during their propagation. If 
not correctly localized, such sparkovers may cause damage to equipment 
as a result of surge reflections between the point of sparkover and a 
vidnerable apparatus, such as a transformer winding. 

In the case of a substation with a number of lines normally connected 
to the busbars, the surge voltage arising at the busbars is likely to be 
sufficientiy reduced (see 3.5.1 ) not to overstress apparatus in the 
station. 

However, such a solution ( no overvoltage-protective device ) niay be 
acceptable in practice on overhead supply systems in regions of very low 
lightning activity, at least if equipment to List 2 of Table 1 of IS: 2165- 
1977*, is used. 

7»2.4 Equipment Connected to an Overhead Line Through a Cable — Insulation 
co-ordination in this case is not only concerned with the protection of the 
substation equipment but also with that of the cable. In this respect the 
two ends of the cable may be assumed to be subjected approximately to 
the same overvoltage amplitudes. 

When a lightning surge propagated along an overhead line impinges 
on a cable, the latter acts, substantially, like a capacitance. Thus the 
front steepness of the original surge is reduced as the surge voltage enters 
the cable. The amplitude of Ui of the surge entering the cable is given 
by: 

where 

Ui — amplitude of surge voltage on overhead line; 

^j = surge impedance of overhead line, in practice .^x ~ ^^ 
to 500 ohms; and 

Zz = surge inapedance of cable; in practice J^^ = 25 to 50 
ohms but for some types of cable it may be as low as 5 
ohms. 

This initial surge is reflected at the station end of the cable in 
accordance with the effective surge impedance at the station busbar. 
Subsequent reflec^ns along thie cable continue to be governed by the 
above equation with due regard to the fact that Ui .and J^l invariably 
refer to the wave which impinges on a point of reflection while U^ and Zt 
refer to the reflected wave. 



^Insulation co-ordination ( second uvision ). 
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Provided at least one further cable of a few hundred metres lex^h 
is permanently connected to the busbar^ the surge voltage to which the 
cable and the station equipment are subjected is notably lower than that 
on the line on which the surge originated and this reduction is all the 
greater, the lower the surge impedance of the cable. 

However, if the cable only supplies a terminal transformer the 
incident wave is doubled in amj^tude at the transformer. As a result of 
successive reflections at both cable terminations, this voltage build-up in- 
creases towards twice the amplitude until no further energy is supplied by 
the original surge. 

For a station to which at least two cables are connected, a decision 
on &e adequacy of equipment to List 1 of Table 1 of IS : 21^5-1977* or 
the need for overvoltage protection may be determined from the above 
equation. 

However, in the case of a terminal station, the ultimate surge-voltage 
amplitudes developed at the cable terminations as a result of successive 
reflections are a function of the amplitude and duration of the original 
lightning-surge vc4t^e on the line, the length of the cable, and if the 
stroke is fairly close to the cable, also the reflections from the point of 
strike. For lines with fully insulated crossarms, the resulting voltage ampli- 
tudes are so high that, even using substation equipment and a cable with 
lightning-impulse withstand voltages to List 2 of Table 1 of IS : 2165-1977*, 
surge arresters shall be used at the line/cable junction. As an example, 
the maximum cable lengths are plotted in Fig. 3 for which the cable and 
the substation equipment may be protected by surge arresters at the line/ 
cable j unction only; the figure demonstrates the considerable benefit of the 
use of a cable of low surge impedance. The protection is fully effective 
against direct and indirect lightning suites and surges due to back flash- 
over provided these originate a few spans away from the line/cable 
terminations. If the cable length exceeds the values indicated in Fig. 3 
additional surge arresters are required at the substation end of the cable. 
If surge arresters with lower sparkover voltages than specified in IS : 3070 
(Fart I )-1974t arc used the cable lengths indicated in Fig. 3 may be 
increased in proportion to the differences indicated by comparing say a 
10'5 kV with a 12 kV surge arrester. 

For lines with earthed crossarms feeding a cable with terminal 
transformer the impulse flashover voltage to earth of the line insulation is 
only slightly higher than the corresponding value in List 2 of Table 1 of 
18:2165-1977*7 In such a case, surge arresters may be required at the 
line/cable junction and it may abo be necessary to use these at the station 
end of the cable. 

*Insulati<m co-ordination ( second revision ). 

tlightning arresten for alternating current systems: Part I Non-linear resistor types 
lightning arresten. 
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Fio. 3 Maximum Permissible Cable Length with Surge Arrester 
OF Line/Gable Junction only 

The foregoing considerations apply to direct strokes a few spans 
away from the cable termination. Full protection against very close 
strokes is generally not possible. 

In areas of moderate or low lightning activity, protective spark gaps 
may be used in place of surge arresters. However, if the spark gaps at the 
line/cable junction are eardied through a low resistance ( the usuaJ case ) 
and if the cable is terminated in a transformer, dangerous surge voltages 
can be developed across the transformer winding, llie spark gaps at die 
line/cable junction should therefore be earthed through a resistance of 
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several tens of ohms, ideally equalling the surge impedance of the cable. 
Greatly improved protection may be achieved by installing additional 
spark gaps across the line insulators on the first and second poles in front 
of the line/cable termination and, in this case, the earthing resistances of 
these additional spark gaps are immaterial. 

8. CO-ORDINATION BETWEEN STRESSES AND WITHSTAND 
VOLTAGE FOR RANGE B 

8.1 Seiection of the Rated Power Frequency Withstand Voltage and 
the Rated Lightnii^ Impulse Withstand Voltage 

8*1.1 Many considerations concerning voltages in Range A still apply to 
Range B. However, the variety of equipment and situations is not so great 
as in Range A. 

8.1.2 In Table 2 of IS : 2165-1977*, one value of rated lightning-impulse 
withstand voltage only is associated with each value of rated power- 
frequency withstand voltage. Therefore, there will be a unique choice 
for the rated power-frequency withstand voltage and the rated lightning- 
impulse withstand voltage. 

8.1.3 With each value of Um are associated one to three values of rated 
power-frequency withstand voltage with a corresponding rated lightning- 
impulse withstand voltage. 

8.1.4 The choice between the possible alternatives for Um above 
72*5 kV shall take accoimt of: 

a) the neutral earthing conditions; and 

b) the existence of protective devices, their characteristics and their 
distance from the equipment considered. 

8.1.5 The conventional safety factors normally employed in the appli- 
cation of surge arresters in Range B are given in 5.54* 

9. CO-ORDINATION BETWEEN STRESSES AN0 WITHSTAND 
VOLTAGE FOR RANGE € 

9ll Insolation Design to Power-Frequency Voltage and Temporary 
Ovorvoltagea — For this range of voltage, power-frequency tests are to 
be specified in the relevant equipment specifications, in accordance with 
the considerations in 6, and taking into account that the temporary phase* 
to-earth overvoltages will not usually exceed 1'5 p,u. ( per unit ) for one 
second on each occasion. 

*Iiisulatioii co-^dination ( second rmsion ). 
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9.2 Ittwihiri<Mt Design, to Switchmg and Lightning Overvolti^^s — 

IS: 2165-1977* proposei two methods for coordination (^insulation in 
respect of switching and lightning overyoltages, namely, a conventional 
axtd a statistical method. 

9«2*1 Convintional Method — This is based upon the established concepts 
of maximum overvoltages stressing insulation and of rninimum strength of 
the insulation ( 2.20 and 2,23 of IS : 2165-1977* ). 

The statement of the minimum strength and that of the maximum 
overvoltages are rather arbitrary since a rigorous rule may seldom be 
followed in the evaluation of the upper and lower limits of the insulation 
strength and ovcrvoltage value, which are intrinsically random variables. 

Insulation is selected in such a way as to achieve a sufficient margin 
between the maximum overvolt^e and the minimum strength. This 
margin is intended to cover the uncertainties of the designer in the evalu- 
ation of the maximum overvoltagc and of the minimum strenglb, and no 
endeavour is made to assess quantitatively the risk that imylation niay 
break down. 

The conventional safety factors normally employed in the applicaticm 
of surge arresters in Range C are to be found in 5.5.1. 

9J,2 Statistical Method — This attempts to quantify the risk of £ulurc for 
use as a safety index in insulation design. 

Rational insulation design of a transmission system should be based 
on the minimum of the installation cost plus the capitalized yearly op^a- 
tional cost and yearly cost of failure, the latter being calculated as the 
estimated cost of failure of insulation multiplied by the avers^e expected 
number of insulation failures per year. 

In order to evaluate the average expected nimiber of failures per 
year of a piece of insulation located at a given point of the system ia con- 
sequence of overvoit^es, all the events giving rise to overvolteges whi^h 
may affect insulation design should be taken into consideration. Then |br 
each type of event considered the frequency of occurrence during the year 
and a separate distribution of the overvoltage amplitude would be 
required. 

Note — It is evideiit that the amplitudes of all the overvoltages occurring m a 
systexiS can not be combined in one distribution but that only overvoltages identified by 
the same location and cause may be considered as statistically homogeneous. 
Actually, since the overvoltage severity differs for waveshapes which are comparable 
respectively with a lightning impulse and with a switching impulse ( ste Note under 
2.17 tmd 2.1S oi IS -.2165-1977*) the overvoltage amplitude could be said to he 
homogeneous only if id^tiSed by the same location, cause and shape. How&ttr tSie 
overvoltages due to the same cSUM: at a given location 'have broadly a similai^ shape 

'Insulation co-ordination ( stcond rensim }. 
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jwd. tfaardbiv, Hwae identified by the same cause and location may, for the sake of 
snn^licity, be rcfardcd as homogeneous. If problems of standardization of the equip* 
, ment of an cntive nctmotk are to be dealt with, an extcnsioa of the concept of a 
hcmiogeneous gamp of ovcrvoltagcs needs to be ccmudered. In this case a group of 
overvoltages may. be said to be hosBOfeneous if ^tc overvoltages occur in similar 
locations of the system due to the same cause. For example the reclosing overvoltages 
ca die bus-bars ( sending-end ) of any tobftation of the system may be considered as a 
homogeneous group <^ overvoltages. 

However, a process of insulation design and coordination as outlined 
above involves too many difficuldes. The statistical approach considered 
here is th^cfore restricted to chedting that the risk of insulation failure 
due to any foreseeable type of event causing overvoltages in the system is 
within acceptable limits. Tl^cse limits depend on the frequency of occur- 
rence of the type of event and on the consequences of the failure of the 
piece of instdation under consideratk>n. 

Fortunately, the types of event which are significant in insuladon 
design are generally a few in number to allow an analytical approach. 
For instance, the insulation withstand to switching surges of many pieces 
of equipment in a system is, in general, determined primarily by reclosing 
overvolt^es. 

If the frequency distribution of overvoltages caused by a given type 
of event and the corresponding insulation strength are known, the risk of 
failure may be expressed niunerically, as will be shown below. 

Let the withstand strength of a given piece of insulation within a 
given time interval Ar be defined by tl^ probability Pr{U) of discharge 
of the insiilation when it is subjected to an overvolta^je of value U 
( see Fig. 4 ). Furthermore let the distribution of the overvoltages stressing 
the same piece of insuladon for the specific type of event considered be 
defined by the probability density /©( U). Then the probability that an 
ov^voli^'S of value comprised between £/' and U' -|- dU may occur is 
fo[ U' ) dU* Tne probability density of failure of the insuladon due to an 
overvoltage of value U* is, therrfore, the product oS the probalrility density 
that an overvoltage of value U' may occur and the probability that the 
insulation may fail under an ov^voltage of value U' that is: 

-^^f.{U').P^{V) -..(6) 

The probabiUty of &ilur^ for a value of U at r«uiom, that is the risk 
of failure R for an event of the type considered, will then be: 



oo 



J 



/o ( U).Pr ( U)AU ... (7) 
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Fio. 4 Evaluation of the Risk of Failure of a Piece of 

Insulation 

This expression shows the general principle of the method by which 
the probability of failure may be assessed. It assumes that^i { U) and 
Pt { U) arc uncorrelated. 

Note — In principle fonnula (7) applies to a single-phase piece of insulation only. 
If several pieces of equipment, connected in parallel on the sanae phase, are subjected 
to the same overvoltage then it may be assumed &at the ovendl risk is equal 1o that of 
a single piece of equipment multiplied by the number of pieces in parallel. This is 
valid if we take into consideration the fact that the risk of failure acceptable for substa- 
tion insulation is usually very low. 

Sometimes it is necessary to evaluate the risk of failure of at least one 
phase of a three-phase section of the system following a switching operation 
( for example a closing operation ). This risk may be obtained by multi- 
plying by 3 the risk evaluated according to formula (7) if the probabilfty 
density^ { U) of the overvoltages may be assumed to be equal on all 
three phases. 

An alternative method is to establish the overvoltage probability 
density yi ( £/) by considering only the highest value of the overvoltages 
caused on the three phases by a switcliing operation. Then the risk of 
failure is evaluated by making use of formula (7). 
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The former approach gives risk values higher than the actual ones; 
the latter lower. Obviously the two approaches give results difTering by 
less than 1 to 3. 

The mathematical model chosen for defining the severity of an 
overvoltage in formula ( 7 ) is based upon a few simplifications. In fact 
the following assumptions are made : 

a) Peaks other than the highest one in the wave-shape of ovcrvoltagcs 
arc disregarded, 

b) The wave-shape of the highest peak is assumed to be equal to that 
of the standard switching or lightning impulse. 

c) The highest overvoltage peaks are assumed to be all of the same 
polarity; to be on the safe side the more severe polarity will be 
used. 

As regards switching ovcrvoltages, which are the ovcrvoltagcs of 
predominant importance in insulation design of EHV systems, assumption 
(a) is such as to give a calculated risk of failure lower than the actual 
risk. Assumptions (h) and (c) result in a calculated risk higher than 
the actual one, since the standard wave-shapes are so chosen as to establish 
the lowest withstand of apparatus ( see 7J2 of IS : 2165-1977* ). 

In general, considering the opposite effects of the assumptions made, 
the risk of failure calculated by means of formula (7) gives risk values 
greater by about 0'5 to 1 decades ( 5 to 10 times ) than the actual values. 
Normally formula (7) is, therefore, conservative. As said above, formula 
(7) may be applied for all the specific types of events significant in 
insulation design. 

Furdiermore, it is clear that the accuracy in the calculation of the 
risk failure greatly depends on the accuracy in the determination of the 
ovcrvoltagcs and of the impulse discharge probability of insulation. Since 
accuracy of these is seldom satisfactory, the accuracy of the calculated risk 
of failure can be correspondingly poor. 

However, the risk of failure has a precise physical meaning ( contrary 
to the conventional safety factor). By making use of statistical methods 
it is therefore, possible to coordinate the security levels of the various parts 
of system according to the consequences of a fault. Furthermore, it is 
possible to carry out sensitivity analysis ( for example, the effect of a change 
in the overvoltage severity or insulation withstand capability on the 
probability of faults ). Statistical methods do, therefore, enable the 
engineer to take a decision on a rational basis. 

According to the statistical method, insulation is selected in such a 
way as to obtain a calculated probability of failure lower than, or equal 

•Insulation co-ordination ( si€0ttd remsien ). 
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to, a predetermined value that characterizes the required safety level. 
Rcfciring to Fig. 4 a change in the insulation level shifts the curve re- 
presenting the discharge probability of the insulation Ft { U) along the 
U aids with a consequent modification of the shaded area A which repre- 
sents the probability of failure R for U at random. 

The statistical approach may require successive series of tentative 
designs and evaluations of risk, until a design that satisfies the risk pre- 
requisites is found. 

Formula (7) may also be applied to determine the probability of 
failure of an insulation protected by spark gaps or surge arresters, if 
Ft (U) is taken as the discharge probability of the insulation in presence 
of the protective device. If the time-to-discharge of the protective device 
can be considered always shorter than that of the insulation to be pro- 
tected an equally valid and simpler method is to use fwmula (7) and to 
take^oC U) as the overvoltage probability density modified by the pro- 
tective device ( see Appendix C ). 

The use of digital computers makes it easy to evaluate the risk of 
&ilure, and therefore the insulation desgn, once the overvoltage distri- 
bution and the discharge probability curves of insulation are known. 

9J1J3 Simplified Statistical Method — Sermdvity analyses and ready 
evaluations of the risk of failure may be made on the basis of simplified 
statistical methods in which the calculations arc performed once and jpr 
all by making some generally acceptable assumptions concerning the 
mathematical laws by which lie actual distributions of the overvoltages 
and of the discharge probability of insulatimi are represented for example 
by assuming them to be Gaussian with known standard deviations. _ 

With these assumptions the complete distribution of overvolts^e and 
the discharge probability of insulation may be defined by one point only 
corresponding to a given ref^ence probability and called in IS : 2165-1977* 
'statistical overvoltage' (see%l9) and 'statistical impulse >vithstand voltage' 
( see 13H ) respectively. The risk of failure may be correlated with die 
margin between these two values, so that the approach becomes rather 
similar to that in the conventional method. 

Figure 5 gives a graphical explanation ot^ the method. Figure 5A 
^ows frequency distributions of ovcrvoItsijpB^and insulation strength, where 
the statistical overvoltage is indicated by c/'t ami the statistical withstand 
voltage by Uw In Fig. 55, tlie overvott^e^ distribution and the electric 
strength distribution are superimposed for three values 1*0, 1*2 and 1*4 of 
the statistical safety factor (y) relating U^^ and C/w. The correlation 
between statistical safety factor and risk of failure is given in F^. 5G. 

*Iiuutad<m co-ordinatioii ( second fmsiM ). 
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5B Three attempts at determining the 
risk of failure ( area A ) for statistical 
safety factors. 

\!^ -Y->'0. 1-2 and 1-4 




5C Relation between th* sutlstlcal 
safety factor (y) and the risk of 
failure *R* { measured by area A ). 

FiO. 5 SlIfPUnBD STAtTSTICAL NfXTHOO 
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The reference probability of the overvoltagcs is chosen in this 
standard equal to 2 percent. The reasons of this choice are discussed 
later in this clause. As regards the reference probability of the withstand 
voltage the 90 percent value was chosen in IS : 2165-1977* for the reasons 
given'in 4.3 of this standard. 

As regards switching surges, Fig. 6, 7 and 8 illustrate the relationship 
between risk of failure and the statistical safety margin for air insulation 
in different cases. 

The discharge probability curve of insulation was assumed to be 
Gaussian as stated in 4.3 with k ( formula 5 in 4.3 ) equal to I and ci 
( formula 2 in 4.3) equal to 6 percent, 8 percent and 10 percent ( see Fig. 
6, 7 and 8 respectively). If A were to be taken as differing from 1, the 
statistical safety factor given for k ^ I would have to be multiplied 

Figure 6 is applicable to laboratory conditions, while Fig. 7 i% 
generally applicable to service conditions. Figure 8 may be used for parti- 
cularly severe conditions ( high values of en in formula 2 ). In all the 
three cases the overvoltage distributions were assumed to be Gaussian 
truncated at three and four times the standard deviation <Ts, or not trun- 
cated and with standard deviation Cs equal to 10 percent, 15 percent and 20 
percent. Figures 6 to 8 give the average correlation between statistical safety 
factor and risk of failure as well as the upper and lower envelopes of the 
correlations obtained when considering the nine overvoltage distributions 
resulting from all the possible combinations of values of standard deviation 
and upper truncation point. 

The choice of a Gaussian distribution to define the overvoltage 
severity does not mean that other distributions ( for example extreme value 
distribution) may not give better approximations, but that Gaussian 
distributions match actual distributions reasonably well over the range of 
interest. 

The correlation between the statistical safety factor and risk of failure 
appears to be only slightly affected by changes in the shape of the over- 
voltage distribution. This is due to the fact that the 2 percent value 
chosen as a reference probability of the overvoltages falls in that part of the 
overvoltj^e distribution which gives the major contribution to the risk of 
failure in the range of risk considered. If, on the contrary, a much lower 
or higher value were chosen, the influence of the shape of the overvoltage 
distribution would have been very pronounced. 

Figures 6 to 8 give th« risk of failure of a piece of single-phase equip- 
ment ( for ocarnple a post irisulator ). If the risk of failure of several pieces 
of equipment is required reference may be made to the Note under 9.2*2. 

^Insulation co-ordination ( stcond revision). 
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Fio. 6 Correlations Between Risk of Failure { R ) and Statistical 
Safety Factor ( y ) for Various Switching Surge Distributions 
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Standard deviation of imulation or ^ 8 percent 
7 Correlations Between Risk of Failure (12 } and 



Statistical Safety Factor (y) for Various Switcrino 
Surge Distributions 

For example, if Ae numbo: c^ single<*phase (ueces of equipment at a 
line entrance is equal to 21 ( seven on each phase) and the r^ of fiulure 
of each for a three-phase reclosiog is 10^, then Ae risk of &ilure for the 
whole line enhance will be dote to 2*1 .l(H* 

Extension oi this m^hod to overhead lines v$ possilde but pfiesents 
I»oblenis particularly for \<m% lines with which the pfesent guide does not 
attempt to deal. 
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As regards lightning surges, analogous correlations between statis- 
tical safety factor and risk of failure are given in Fig. 9 to 11 for 
comparison purposes always for air insulation. 

Assumptions similar to those of the previous paragraphs were made 
as regards the discharge probability curve of insulation to lightning surges. 

The lightning ovcrvoltage distributions were assumed to be Gaussian 
and not truncated, with standard deviations equal to 40 percent ^d 60 
percent. It is thought that such distributions approximate actual lightning 
overvoltage distributions quite well around the 2 percent value. 
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Figures 9, 10 and 11 give the correlation between statistical safety 
factor and risk of failure for both overvoltage distributions and for 
standard deviations of insulation equal to 3 percent, 5 percent and 
7 percent respectively 

NOTB — The correlations between statistical safety factor and risk of failure given 
above apply to self-restoring insulation only. However, they may be considered 
acceptable for the entire equipment in most cases for the following reasons: 

Thet*stidescribedin7.4and7J5of 18:2165-1977* are intended to ascertain 
the impulse insulating ability of self-restoring equipment and combined equipment 
respectively. Such tests do not allow any discharge on the non-sclf-restoring 
parts of the apparatus. Consequently, when both the self-restoring pieces of 
insulation of the same apparatus arc designed on the basis of the same risk of 
failing the test, the non-self-restoring parts will have an inherently lower discharge 
probability than the self-restoring parts in respect of ovcrvoltages of jthe ?amc 
amplitudes as those of the impulses applied during the test. 

Consequently, it may be stated that risk failure of the non-self-restoring parts 
of self-restoring equipment ( tested according to 7,4 of IS : 2165-1977* ) is lower 
than that of the self-restoring parts if the major Contribution to the overall risk 
of failure Is given by overvoltages in the range of t/50% * 2a. 

For combined insulation equipment the non-sclf-restoring parts will be 
designed for a low risk of failure at test voltage. In the cases where the major 
contribution to the failure risk ( calculated on &e. basis of the statistical withstand 
voltage ) is given by overvoltages around the test voltage the evaluation of the 
risk of failure may be carried out as for self-restoring insulation. 

The foregoing considerations naturally presuppose that wave-chopping by a 
self-restoring piece of insulation does not cause serious stresses in the non-self- 
restoring insulation of equipment and does not cause ageing of insulation. 

9.3 Block Diagram of the Insulation Design and Co-ordination of 
an Electric Installation — Most predictions or analyses of system over- 
voltage levels assume that a piece of equipment ( for example, a circuit 
breaker ) will operate as designed. In other cases, an arbitrary limit may 
be placed on the ^credible' severity of surges, as is often done in the case 
of Ughtning, It is obviom that surge levels based on such assumptions 
will sometimes be exceeded. 

Whether or not it i$ necessary to take this into account, depends 
largely on the consequence of failure resulting from such abnormally high 
overvoltages. For example, the consequences of transformer or reactor 
failure are so serious that there insulation co-ordination must usually 
provide for even extreme contingencies. This is achieved by applying 
surge ^'arresters at their terminals. There are other types of equipment 
such as post insulators, disconnecting switches, etc, where the consequence 
of failure is not so serious as to warrant application of surge arresters. 

In developing a sequence of instilation desigpi and co-ordination of 
an electrical system in the form of a block diagram, it is convenient to 

'Insulation co-ordination ( second rwisum). 
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Fig. 9 Correlations Between Risk of Failure ( R ) and Statistical 
Safety Factor (y) for Various Lightning Surge Distributions 

differentiate between a Cass I ( surge arrester protection ) and Case II ( no 
surge arrester or remote surge arrester protection). A block diagram 
illustrating the method to be adopted is shown in Fig. 12. 

The first step in insulation co-ordination (Block 5), common to all 
types of equipment, has the purpose of ensuring the equipment ability of 
withstanding power-frequency voltage under normal conditions and under 
temporary overvoltages. 

The system engineer will specify an equivalent pollution severity test 
level for insulation susceptible to contamination, however, no special 
specifications will be given for insulation susceptible to ageing ( j^^ 9.1 ). 

If the expected phase-to-carth temporary overvoltages ( Block 3 ) are 
more severe than the overvoltages taken into consideration in the relevant 
equipment specification in specifying the power-frequency tests discussed 
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Fio. 10 Correlations Between Ruk of Failxtre (R) and 

Statistical Safety Factor ( y ) for Various Liohtnino 

Surge Distributions 

in 3.6 of IS : 2I65-1977*, it will be necessary to specify different voltage 
levels or durations of the test or to adopt suitable means or operational 
procedtnres to reduce temporary overvoltages in the system (feedback 
from Block 5 to Block 2 dashed line). 

I^ulation design as r^ards operating voltages and temporary 
overvolt£^es leads to a certain withstand of the equipment to both switching 
and lightning impulses. For instance, if a given withstand salinity is 
required for a post insulator, a minimum distance in air is obtained which 
varies according to the post insulator type ( see Appendix E ). The equip- 
ment will, therefore, exhibit a certain withstand to switching surges due to 
requirements imposed by the operating voltages and temporary over- 
voltages. These influences are indicated in Fig. 12 by dotted lines 
( for example, from Block 5 to Block 7 and Block 8 ). 

^Insulation co-ordination {second revisioft). 
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Then it is necessary to consider Case I and Case II separately. 
Examples of selection of the rated switching and lightning impulse 
withstand voltage arc given in Appendix D, 

As regards apparatus of the first type (Case I), choice of the rated 
switching and lightning impulse withstand voltages is usually made as 
follows: 

a) Choose the rated voltage of the surge arresters on the basis of the 
temporary overvoltages (Block 6); thus the protective levels of 
the arresters under switching and lightning impulses will also be 
determined at least within certain limits. 

b) Choose the rated switching and lightning impulse withstand 
voltages of the apparatus on the basis of conventional safety 
factors dictated bycxperience ( see 5.4.1 and 5.5.1 ). 
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c) Adopt suitable means in system design or suggest suitable 
operating procedures to reduce temporary overvoltage if an 
economic incentive exists to reduce insulation levels (start again 
from Block 2). 

This procedure of selecting the rated switching and lightning 
impulse withstand voltage of the apparatus disregards the severity of the 
actual switching and lightning overvoltages by which the apparatus con- 
nected in parallel with the surge arresters may be stressed since it is based 
on the protective level of the surge arresters only. 

The insulation levels of the apparatus of Case II are usually chosen 
according to the following steps: 

a) Choose the rated switching-impulse withstand voltage of the 
apparatus on the basis of an acceptable risk which may be 
estimated directly on the basis of the expected distributions of 
the overvoltages and of the discharge voltages (statistical 
method), or by means of the correlations given in 9.2.3 between 
the risk of failure and the statistical safety factor ( simplified 
statistical method). Actually these correlations apply to self- 
restoring insulation only, but normally they may be considered 
acceptable for the entire equipment ( see Note under 9JZ.3). 

Note — Protection against switching surges afforded by surge arresters 
installed close to equipment in Case I and gaps installed at the line-entrance 
may often be discounted as regards Case 11 apparatus for the following 
reasons: 

i) Most of the types of equipment belonging to Case II ( especially the line- 
entrance apparatus) may at times be isolated from the surge arresters 
installed in the station to protect Gate I apparatus; 

ii) With the present technology of surge atrctters, the protective level against 
switching impulses is often greater than, or equal to the highest switching 
overvoltage which may occur with correct behaviour of system apparatus* 
Insulation must therefore be designed to withstand these overvoltages; and 

ill) Spark gaps may not provide a substantial degree of protection against 
svidtching surges if undcsired sparkovcrs are to be avoided. This point is 
discussed in Appendix C. 

In Fig. 12 the block between Block 4 and Block 8 is therefore 
indicated by dashed lines. 

b) Adopt suitable means in system design to reduce switching over- 
voltages, if this is possible and if an economic incentive exists in 
reducing the rated switching impulse withstand voltage of 
apparatus. No economic incentive may exist in reducing insula- 
tion : for instance if the withstand to normal operating voltages 
and temporary overvoltages caUs for ' higher insulation ' than 
switching surges ( dotted line between Block 5 and Block 8 ). 
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c) Verify that the rated lightning impulse withstand voltage, cor- 
responding ( in Table 3 of IS : 2165-1977* ) to the rated switching 
impulse withstand voltage determined above [ Items (a) and (b) ], 
guarantees a satisfactory performance of the apparatus under 
lightning overvoitages. This should be done on the basis of the 
expected distribution of the lightning overvoitages and of the 
discharge voltages or by means of the correlation given in 9«2,3 
but for the sake of simplicity it is often done on a conventional 
basis ( see Appendix D ). 

Consider that only the highest value of rated lightning 
impulse withstand voltage of each line should be used for 
apparatus not effectivelv protected by a surge arrester ( see 6.4 of 
18:2165-1977*). 

d) Provide means to reduce the amplitude of lightning surgesf 
(feedback from Block 12 to 10) or choose a rated lightning 
impulse withstand voltage higher than the one determined on the 
basis of Table 3 of IS : 2165-1977* if too b-igh a risk of failure to 
lightning overvoitages results from Item (3). In the latter case the 
value of the rated lightning impulse voltage shall be selected from 
the scries in D.i(b) of IS : 2165-1977*. 



APPENDIX A 

{Clauses 3,5.1.6, 122.1,1222 and 122,3) 

SURGE TRANSFERENCE THROUGH TRANSFORMERS 

A-l. DERIVATION OF EXPRESSIONS 

A-1«I Initial Capadtive Voltage Spike — During the initial period of 
about one microsecond under the conditions of a lightning surge, the 
transformer may be approximately represented as shown in Fig. 13A as 
a capacitance voltage divider of ratio s where s < I. If Ct is the sum of 
the capacitances of the higher-voltage and lower-voltage arms of this divi- 
der, the initial transference may be simulated as shown in Fig. 13B, 13C 
and 1 3D by a scries circuit comprising a source Uo — x£/i, a capacitance 
Ct and the cap>acitancc or resistance of the external lower-voltage system. 
Ui is the surge voltage on the higher-voltage side during the ikiitial period. 
The source voltage Un is the open-circuit transferred voltage, 

*Insulation co-ordination ( second revision ). 

fGonsider pt^sible changes in line design such as tower footing and shielding wires, 
instml surge arresters other than those intended to protect Case I apparatus, make use of 
protective sparic gaps. The actual degree of protection provided by spark gaps is 
discutaed in Appendix G. 
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Fio. 13 Initial Capacitive Voltaok Sfike 

If the external system may be represented by a capacitance (^ as in 
Fig. ISC the equivalent circuit is a voltage divider having the ratio: 

Ct 
Ct + Cn ... (8) 

If during the initial period, the impedance of the external system is 
the surge impedance of a cable or the resistance of the load, this system 
may be represented by a resistance R as shown in Fig. 13D. Typical values 
are from 10 ohms to a few hundred ohms. The transferred surge voltage is 
then dependent on the steepness as well as on the amf^tude of the surge. 
For high values of R the inidal voltage is approximately C/© and /or low 
values of U it is given approximately by U^^ s S RCt where 5 is the 
maximum steepness of the sdrge. 

The above expressions do not take into account the effect <^ super- 
position of the surge voltage on the power-firequoicy voltage. 
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ABcywance may be made for ti^t power-frequency voltage by substi- 
tadag far Ux the actual peak voltage Up and by introducing the fact<^ p. 
For a star/ddu or delta/star coxmected transformer the value of > is typi- 
cally about 1-15. For a star/star or ddta/ddta connected transformer die 
yaluc of ^ u typkaUy about 105. Howevor, slighdy higher values than 
these may be enomiilaned. ¥oc switchix^^ surges the value of ^ may be 
taken as unity. The aiiq>litiKie U^ will be limited to the front-<^-wave 
^arkovcr value i^S the surge arrester or ^lark gap on the higher-voltage 
side of die transformer [ «» IS : 3070 ( Part I )-1974* ] , 

The amplitude of the initial volts^ 'spike' on the lower-voltage 
side is %vrtxk by: 

U^^spUp (9) 

For a transformer without external ccamections to die lower-voltage 
terminals^ the value of factx^ s may range from zero to at least 0*4, 
depending on the winding arrangement. The value of s may be measured 
in a low-voltage impolae response test ( for example, with a recurrent- 
suige osdliog^iqph ). Valu^ of Ct generally lie in the range 10"* to 10"* 
farad. 

Note— Hie values of /and €% are difficult to calculate for a new transformer anc 
the SMau&cturer may only be expected to give a rough estimate without guarantee. 

The value of U^ should be compared with the appropriate impulse 
test voltage of Table 1, List 1 or 2, of IS : 2165-1977t- 

The ami^itude of the transferred surge may be reduced by: 

a) Unng a suxge arretler with a lower front-of-wave sparkovex 
voltage on tl^ highor^oltage side, 

b) Adding capacitance between each phase and earth on the lower- 
voltage nde, and 

c) Adding a surge arrester on the lower-voltage side between egnel] 
phase and earth. 

For mimricriral example s^ A-2. 



A*l«2 imAueAv^ Tnuasfcnred Voltage — The transference of emf by 
inductive coupling between windings in a 3-phasc transformer or bank of 
traasformers may be evaluated So^ any winding coimections by considering 
the surge voltage as a sii^^-phase alternating voltage. 

Tl^ eflfect erf* delta windings <m the zero-phase-scquence compcmesit 
of tbe«n|^pliaie voltage should be tak«a into account. 

•lightalng arrertcfs fior altemadiig curreat syitrais: F^rt I Non-linear resistor type 



tiasittatiott co«Ofdfaiatioa {sttmdtwvUkm)^ 
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Figure 14 shows the results for eight different connections of the 
transformer, assuming the system voltage ratio is unity. 

As in the analogous power-frequency considerations the transferred 
voltages at the terminals are determined by the emf's and by voltage 
division between the internal impedance of the transformer and the 
external circuit impedance. The efm's may be assumed to have the same 
waveshape as the surge on the higher-voltage system, if the effects of 
internal oscillations in the windings are neglected. The response of the 
lower-voltage system to these emf's is usually in the form of a voltage of 
similar shape to the surge with a superposed oscillation. 

The amplitude of the inductively-transferred voltage depends also on 
the voltage ratio and 3-phase connections of the transformer and on the 
relative impedances of the lower-voltage system and the transformer. 

The voltage on the lower-voltage side of the transformer is given by: 

U2^pqr UjfIN (10) 

where 

^ = is a response factor of the lower-voltage circuit to the 

transferred surge emf, 
r = is a factor depending on the transformer connections ( see 

Fig. 14), 

Z7p = is the peak voltage to earth on the highcr-voltage side, and 
JV = is the system voltage ( phaae-to-phasc ) ratio of the 
transformer. 

The value of q depends on the waveshape of the surge and on the 
electrical parameters of the lower- voltage circuit. 

For lightning surges on a transfermer having Category I equipment 
without appreciable load connected to the lower-voltage side, the VJcil^e of 
q is generally not greater than about 1*3 although this value may be 
exceeded. For switching surges on a similar system without appreciable 
load, the value of ^ is not greater than about 1*8. 

Generally lower values of q apply if an appreciable load is connected 
due to voltage division between the load impedance and the leakage 
inductance of the transformer (j^tf Note). 

For Category 2 equipment, voltage division takes place betwecn^e 
leakage inductance of the transformer and the subtransient inductance of 
the generator, and if these arc about equal, q has the value of about 0*9 
for lightning and switching surges. 

Values of r for a surge on one phase only ( for example, a lightning 
surge) and for equal surges of opposite polarity on two phases ( one tj^e 
of switching surge) are shown in Fig. 14 for eight different 3-phaiie 
connections of the transformer. 
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The calculated value of U2 is an estimate of the longer-duration 
transferred voltage, which in practice includes longer-term effecta of 
capacitive transference and transferred voltages corresponding to internal 
oscillations within the windings. Its amplitude will be limited by the 
protective level of the surge ai^^cster or protective spark gap. In the case 
of the former this will be the higher of the standard lightning impulse 
sparkovcr value and the residual voltage value for the lightning surges 
[ see IS : 3070 ( Part I )-1974* ]. For switching surges, except when the 
transformer is connected to a highly-inductive load, such as an induction 
motor, over-voltages on the higher- voltage side may be assumed not to 
exceed per-unit overvoltage of 3 {see Note below ). 

The value of 62 should be compared with the peak values of the 
appropriate power-frequency test-voltage of Table 1 of IS : 2165-1977t. 
It may be found necessary to reduce the value of the Hghtning or switch- 
ing surge on the higher-voltage side of the transformer. Adding extra 
capacitance to the lower-voltage side has little effect upon the amplitude 
of the inductively-transferred voltage but it may be desirable to consider 
the addition of surge arrester. 

Note — When the circuit is switched off on the higher-voltage side of a transformer 
which may be loaded on the lower-voltage side by reactors or other inductive load, 
then dangerous ovcrvoltagcs may be attained under the most unfavourable conditions 
of operation but, in general, t/, does not exceed the peak value of the power-frequenc> 
test voltage since 9 is less than I'O on account of voltage division between the trans- 
former and the load inductance. 

A-2. NUMERICAL EXAMPLES 

A-2.1 Example A — Category 1 Installation 

Transformer 145 kV star/12 kV delta 

Lightning impulse withstand 145 kV side = 550 kV 

voltage 

Impulse test voltage 12 kV side — 60 kV ( as* 

suming List 
1 of Table 
1 of IS: 
2165-1977t) 

Power-frequency test voltage 12 kV side = 28 kV 

Surge arrester on higher-voltage side of the transformer: 

Rated voltage = 120 kV 



♦Lightning arresters for alternating current systems: Part I Non-linear resistor type 
lightning arresters {first revision ). 

tinsulation co-ordination (second rtvishn), 
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Front*of'%vav« QMurkover vohage » 463 kV 

1-2/50 impulie aparkover imuI » 400 kV 

reddual vc^ge 

a) Ligktmng swtg^M one phau 

Initial voltage 'spike' for transformer disconnected from load: 
U^ -r ^Up - 0-4 X 115 X 463 = 213 kV 

Assuming a ratio of 1'25 betweea the impidse withstand test voltage 

60 

and the service overvoltage, that is, '^^ » 48 kV, would requure the 

cable connections from the trantfonner to have a capacitance of: 

^^ < ^ _ 0-23 

hence C. > 3*44 Ct 

Havii^^ obtained from the transformer manufacturer a value of 
Ct» 10~* farad, the cable capacitance per phase should be at^east 
3-4? X 10-« farad. 

Kthe load is connected then this will reduce further the pB^yqltage 
on the lower-voltage side. 

Due to inductive transference: 

Ut^pqrUxjN 

115 X 1-3 X 0-577 X 400 



121 
where 



28-5 kV 



145 

28-5 kV gives a ratio <^ 1-4 with the 39*6 kV peak test voltage 
( 28 V 2~) ^ ^^t ^« insulation to Table 1 list 1 of IS : 2165-1977* shall 
be satisfieict^y. 

b) Smitdiing sttrges of opposUt polmity on two phasts 

Smattasxg a p.u. switching ovorvoltage on two phases of 2*5, and 

pwm 10,^— 1-8, and r— ~=r ^ 115, then: 

V^3 
U m. ^'0 X^'8 ^ ^'tS X 145 X V2 X 2-5 
^" V? X 121 

«s 50-5 kV 



^Lmtlatioa oo-ocdtoadoB (mcmidrmMmt}s 
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In this case the voltage peak exceeds the peak of the test voltage of 
39-6 kV for Table 1 of IS : 2165-1977*. To allow for this cither insulation 
for List 2 of the Table 1 of IS : 21654977* shdl be used (>hat is, having 
test voltages of 75 kV lightning impulse withstand, and 28 kV rms/39'6 
peak ) or switching surges between phases on the higher-voltage trans* 
mission system shall be limited, alternatively a surge arrester may be 
selected on the higher- voltage side of the transformer havin'g a lower 
protective level or consideration may be given to fitting a surge arrester 
on the lower-voltage side. 

A-ZJZ Example B~ Category 2 Installation 

A-2.2.1 Typical Example for 220 kV Transformirs 

245 kV star/24 kV Delta generator transformer 

Lightning impulse withstand 245 kV side = 1 050 kV ( Ref 

voltage Table 2 (tf IS : 2165-1977* ) 

Power-frequency test voltage 24 kV side = 50 kV 

Impulse test voltage 24 k V side = 1 25 k V 

(Ref. List 2 of Table 1 of 

18:2165-1977*) 

Surge arrester on higher-voltage side of transformer': 
Rated volt^e == 19^ kV 

Front-of-wave sparkover »»= 746 kV 

voltage 
1*2/50 impulse sparkover and «= 649 kV 

residual volXz%t, 

a) Lightning surges on one pha^e 

Initial voltage * spike * for transformer disconnected from 24 kV 
system: 

U» » spUp 

« 0-22 X M5 X 746 = 189 kV ( maximum ) 
( the value for s having been obtained from the transformer manutacturer ). 

This value would obviously be too great foi insulation on the lower- 
voltage side. 

Assuming a ratio of 1*25 between the impulse test voltage and the 
service ovcrvoltagc, that is a value not exceeding 125/1'25 «■ 100 kV 
would require the addition of external capacitance. In this case: 

C» ^ 100 _ 0-53 



Ct = C, "^ 189 
hence C, > 0-885 Ct 

'Insulation co-ordination ( second rtvision ). 
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The value of C% is obtained from the transformer manufacturer for a 
wave steepness iS* = 1 200 kV/^s. 

The other methods listed in this Appendix for reducing the capacitivc 
peak ( use of surge arresters ) may also be considered. 

The overvoltage due to inductive transference is: 

Uz - pqr UilN 

M5 X 1*0 X 0-577 X 649 



10-2 



41-5 kV 



41 kV is less than the 70*7 kV { 50 V2 ) peak tests voltage, and this gives 
a ratio of 1 '7, which can be considered adequate. 

b) Switching surges of opposite polarities on two phases 

Assuming a p.u. switching overvoltage on two phases of 2, then the 
inductive transference is: 



U^^ 



VO X 1-0 y M5 X 245 X V2 x 2 
J 0-5 X v'3~ 



= 43-5 kV 



where 



p - I'O, 

^ = rO, and 

r =- --^=M5 

43*5 kV is about equal to the inductive transference of lightning surge 
(41-5 kV). 

A-2.3 Example G — Category 2 Installation 

Typical Example for 300 kV Transformers 
Delta generator transformer 300 kV star/24 kV 

Lightning impulse withstand 300 kV side = 1 050 kV 

voltage 

Power-frequency test voltage 24 kV side = 50 kV 

Impulse test voltage 24 kV side -= 125 kV ( assum- 

ing List 2 
of Table 1 of 
18:2165-1977*) 
Surge arrester on higher-voltage side of transformer: 

Rated voltage = 240 kV 

Froni-of-wavc sparkover voltage = 900 kV 

1*2/50 impulse sparkover and residual voltage » 785 kV 

*Insulation co-ordination ( s$cond revision). 
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a) Lightning surge on one phase: 

Initial voltage ' spike " for transformer disconnected from 24 kV 
system: 

U28 = spUp 

= 0-2 X 115 X 900 = 207 kV maximum, 
the value for s having been obtained from the transformer manufacturer. 
This would obviously be too much for the insulation on the lower- voltage side* 
Assuming a ratio of 1*25 between the impulse-withstand test voltage 
and the service overvoltagc that is a value not exceeding 125/1'25 «■ 100 
kV, would require the addition of external capacitance. 

T !_. Ct ^ 100 ^ ^o 

In this case -^ — —pr ^ o^t^ === 0'4o 
Cj 4" ^i ^v) / 

Hence C8> 1'08 Ct 

The value of Ct is obtained from the transformer manufacturer for a 
steepness .? = 1 200 kV per microsecond [see IS : 3070 ( Part I )-1974* ]. 

Alternatively the other methods listed in this appendix could be 
considered. 

Due to inductive transference: 

Ut « pqr UilN 

1-15 X 1-0 X 0-577 X 785 _ - , ^ 
« 12:5— ^i 4 itv 

41-4 kV is less than 70-7 kVp ( 50 V2 ) test volts^c and this gives a ratio 
of 1'7 which may be considered adequate. 

b) Switching surges of opposite polarity on two phases'. 

Assuming a p.u. switching overvoltagc on two phases of 2, then the 

inductive transference is: 

1-0 X 1-0 X M5 X 300 X \/2 V 2 

12-5V3 
= 45 kV 

where 

^=1-0, 

q = 1-0, and 

r= — ?- = 115 

45 kV is about equal to the inductive transference of lightning surge 
(41-4kV). 

'Lightning arreiters for alternating current systen'S : Part 1 Non-Hnear resiitor type 
lightning arresters (first revition ). 
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APPEHDIX B 

(CkRise4A.2) 

VALIDITY OF SWITCHING AND LIGHTNING IMPL'LSE 

WrrHSTAND TESTS, 50 PERGE^iT DBRUPUVE DISCHARGE 

TEST AND 15 IMPfTLSES WIXHSTAND TEST 

B-1. CONFIDENCE LUflTS OF THE TEST 

Tests may provide cmly more or less accurate estimates of the true 
values of the vnth&tand strength of equipment. 

An increase in the accuracy may be obtained by an increase in the 
extent of the test. The extent of tests must, however, be limited for 
reasons of costs, the diminishing return of gain in the accuracy and possible 
destructive efibcts on the equipment. For these reasons 15:2165-1977* 
pr^cribes three different test methods in 7.2. 73 and 7,4 according to the 
^pe of equipment. 

In 7 A ( a ) d^ing with the 50 percent disruptive discharge test, 
the note states tlxat * There are a number of procedures available, and any 
of these may be used provided that the accuracy of the determination is 
within tme half of the standard deviation with a confidence level of 35 
percent*. It can be said that there should be a 95 percent probability 
that the 50 percent discharge voltage of the equipment at the time of 
the test be widiin the boundaries given by the value estimated from the 
test plus and minus one half of the standard deviation. 

A test procedure fulfilling this requirement is the ' up and down * test 
with 30 shots. 

The accuracy of the 15 impulse withstand test is considerably less. 
The 95 percent confidence limits for the probability of discharge are in 
this test: 

For discharges 

>> * J* 

4 

Based on 95 percent confidence limits, it ma>' be seen that from a test 
with 15 impulses only, it is not possible to conclude that the discharge 

"Insulation co-ordination ( secomi revisian ) . 
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probalHlity is lete than 0*10, or that At probability of withstand is higher 
than 0*90» even for dischaxge* When the number of discharges exceeds 
4, the test is s^piificant asa test of the hypothesis that the prdbaluUty of 
withstanding k less dian 0*90* 



B.2. EXAMINATION OF DUIKRENT METHODS OF TEST 

Accepting the above basic limitations erf" tests with a nnall number of 
impulses, ^e fallowing exposes die validity of different methods of dischaxge 
testing and the balance betvreen die ridts to the manufacturer and the pur- 
chaser bearing in mind the practical necessity for a hmited number of 
impulses and, for the manufacturer, to design his products to have an 
economically acceptable risk of failure on tests. 

For the sake of simplicity it is assumed in this appendix that the 
discharge probal»lity Px{U) oi the different pieces of equipment i» a given 
population { same type of equipmoit on which an impitlse test is to be 
carried oot ) fcdlows a Gaussian law with a constant standard deviation ax 
equal &r aO the faeces of equq>ment In dtis case one parameter ( K given 
in pwo. ci^itsu Fig. 15 ) b si^Scient to determine the deviation of the in- 
sulation stroigth of one |uece of equipment T at the time t ( C/^o ) from 
the specified value ( Urw )- 




>^ REFERENCE 

^ Probability 



URw»RATED IMPULSE WITHSTAN D VOLTAGE 
-l-O-B 0-5 1 K IN p.u.OF ^^t 

Fig. 15 DKFiNmoN of the Insulation Strength of a Piece of 
Equipment at the Time t as Function of the Parameter K 
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The 90 percent withstand strength of a piece of equipment in ^ 
popiilation varies from one specimen to another. Fig, 16 shows how this 
may be described statistically in terms of K. The value of Cp is very small 
for those types of equipment (for example, disconnectors ) which may be 
considered essentially air insulating structures, since tolerances in dimen- 
sions are always very small. 

To ensure the repeatability of tests, ambient and insulation conditions 
should be kept as constant as possible during test ( or correction factors 
should be used ) and standardized testing techniques should be adopted. 
In principle, therefore, the discharge probability of a given piece of 
insulation imder test conditions should not be expected to change. In 
other words the P* (U) {see Fig. 15 ) should be the same in different tests 
of the same type. 

However the value of the 90 percent withstand strength of insulation 
may show variations from the average value derived from several tests by 
the same methods carried out in the same laboratory at different times or 
in different laboratories, due to differences in the ambient and insulation 
conditions or in the test circuits. How the laboratory inaccuracy can be 
described statistically considering the averse value of the insulation 
strength of one specimen as the * true value ' is shown in (b) in Fig. 16. 

Assuming that the distributions in (a) and (b) in Fig. 16 are Gaussian 
with known standard deviations and that the design value of t/o has been 
chosen by the manufacturer, the probability density of the deviation of the 
measured 90 percent withstand strength of the population of a piece of 
equipment may be calculated [ see (c) in Fig. 16 ]. 

An ideal test should be such as to prevent equipment having, at the 
time of the test, either an insulation withstand lower than prescribed to pass 
the test or an insulation withstand equal to, or higher than prescribed to fail. 

Self-restoring insulation having, at the rated impulse withstand 
voltage applied during the test, a probability of withstand equal to, or 
higher than, the reference probability ( 90 percent ) should have a proba* 
bility of passing the test equal to 1, while insulation having a probability 
of withstand lower than the reference probability should have no chance 
of passing the test. 

The probability of passing an ideal test of an apparatus, the insulation 
of which, during the test, differs by K from the prescribed value, is 
represented in Fig. 17 as a function of K by the solid line. 

Actual test, however, depart from the ideal test and follow in. the 
{(I/K) plane curves similar to the dashed line. 

Figure 17 shows the curves for the tests proposed in 7.2, 7.3 and 7.4 
of 18:2165-1977*. As far as the test of 7.3 is concerned an 'up and 
down ' test based on 30 shots was taken into consideration. 

^Insulation co-ordination ( second revision )• 
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RATED IMPULSE 
WITHSTAND VOLTAGE 




""^V^^, 



a) Distribution of the 90 percent withstand voltage of the apparatus of population p, 

b) Distribution of the difference between the 90 percent withstand voltage of a given 
apparatus measured in various laboratories and the actual one. 

c) Distribution of the 90 percent withstand voltage of any apparatus of population / 
in various laboratories. 

Fig. 16 Frequency Density of the Measured 90 Percent 
"^ Withstand Strength of a Population of Apparatus 

The probability density of the deviation of the measured withstand 
strength [ see (e) in Fig. 16 ] of a given population is represented in Fig. 18 
by Curve 1. By multiplication of the values of this curve by the valuo of the 
probability of passing a given test procedure as a function of K ( see Fig. 17 ) 
Curve 2 ia obtained. This curve represents the density distribution of the 
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-0.8.-0.6 -Oa -0-2 



0.2 0^4 0*6 0-8 1 

K IN p.u.of "i 

1 — Up and down test 30 impulse* ( 7,2 of IS : 2i65-1977*) 

2 - 15/2 test ( 7.3 of IS : 21654977* ) 

3 - 3/0 test ( 7.4 of IS: 2165-1977* ) 
*In$ulation co-ordination ( sicond rmsion), 

Fio. 17 Probability of an Equipment to Pass the Different Type 
OF Test as a Function of its Insulating Characteristics 



accepted deviation K of the population of apparatus for the given test 
procedure. 

If the area limited by Curve 1 and its abscissa is taken equal to 1, 
Area A in Fig. 18 represents probability Rm of rejection of a good product 
{ manufacturer's risk ) while Area B represents the probability of rejection 
of a deficient product. As a matter of fact the intended value of insulation 
design W will be chosen by the manufacturer on the basis of the sum of 
Areas A and B, that is, on the probability Pt of failing the test. Area C 
represents the probability Re of acceptance of a deficient product ( cus- 
tomer's risk). By repeated calculation of /Ze and Pt for different values of 

76 



I8i37l€.lf7t 



IDEAL 
TEST 



ACTUAL 
TEST 




Fio. 



CURVE 1 
CURVE 2 



K IN p.u* 
OF Ot 

18 Probability Pt of Test Failure (Area A + B) 
Manufacturer's Rjkk i?m ( Area A ) 
Customer's Risk Re ( Area C ) 



the intended value of the insulation strength ( FK), curves can be cons- 
tructed which show the relation between the risk of the user to accept a 
deficient product and the manufacturer's probability Pt of failing the 
test. 

Figure 19 shows such curves on the assumption that standard 
deviations ap, oi and ot are those stated in the figures. 

Figure 20 gives the correlation between Rm ( manufacturer's risk ) 
and Re (customer's risk ) for the cases ronsidered in Tig. 19. 

It is to be noticed that if <Tp and ai are zero ( homogeneous popula- 
tion and no laboratory inaccuracy ) one of the two values Rm and Re is 
zero. 

In other words there is only a risk either for the user or for the 
manufacturer. This risk as well as the value of Pt may be obtained 
directly from Fig. 17. 
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APlPENDIX C 

(Clatises SAA, 553 and9.22) 

STATISTICA L EVA LUATION OF THE PROTECTIVE 
EFFECT OF SPARK GAPS 

C-1. For a given waveths^e of the aj^lied impulse, let us call: 

^) ^i (^ ^u^ ^P (^ ^^ disruptive discharge probabilities of the 

insulation and of the spark gap as a function of the crest value U 

of the impulse*, 
b) Pip (U) the probability that the insulation may dischai^ before 

the protective gap sparkover as a function of the crest value U <rf* 

the mipulse. 

The discharge probability curves of insidation Pi (U) and of the 
spark gap Pp (U) connected in parallel are expressed by: 

PdU)^Pi(U).ii-Pp{U)1 + Pi (U) Pp m Pi, {U) ...(II) 

p, (jj) = i»p (to- [ 1 - i*i (to 1 + Pp m Pi (to [ I — ^* (O) 1 -(K) 



NoTB — On the assumption that toacs^^^-diKtargr ^ the imuhtkw . and of the 
spaxk gap i(^k>w a Ganwian law, Ki^aievtr may bcribe cicat iNilve U of the mpgi&td 

impulse, Pip (U) is exjrrrtacd hyt 

P.,(a).i--i=pc^-..(-4-)-* ...,,3, 

O 

where 

Tp (U) istibeSO percent value of the ttme-to-4>arkover of the spaiic gap^aaa 
funcdoa of the crest vahic U of the appHed impulse; 

7i (V) is die 50 percent vahte of die time-to-discharge of the insulatko, as a 
function of the crest value U of die applied impulse; 

otp (U) » the standard deviation <tf the time-to*flparicover of the spark gap, 
as a {unction of the crcflA value U of the applied impulse and 

Oil (U) is the standard deviation of die time-to-discharge of the insulation, 
as a function of the crest vahic of the af^lied impulse. 

If, for a particular combination of the insulation to be protected and 
of the spark gap, there is a negligible probability that the time-to-dis- 
charge of equipment may be lower than the time-to-q>arkover of the gap 
in the entire range < C/ < C/max) i^ip* {U) becomes zero and formula 
(11 may be written: 

Pi(tO - A(tO [ 1 - Pp (tO] ... (14) 

*I1ie fimnube given bdow are generally valid for two {nece* of insulalion in paialld. 
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In the case of combixiatioiis of insalatkm and protective gsq»8 of diis 
kiiui, we shall consder d^ bdumour tst the jHT^ective (^p ^ being 
* ideal'. 

By making use ch fiynnula (7), the risk ch foilure w a prmected {dece 
of insulation can be evaluated by means td the following formttla: 

Ai-J PiiU)ll-Pp{U)]fo{U)dU+j Pi{U). 

o o 

Pp iU) Pa, (C0-/« iU) iU ...(15) 

If the {nt>tective gap can be considered ' ideal ', die teccmd term in 
ftHinula (15) is equal to zero, and we obtain the f<^owing formula: 



/?i =1 P,{U)\\-P9{U)-\U{U)iU ...(16) 

O 

The ratio of the 50 percent lightning impulse sparkover volt^ige to 
the 50 percent s\^tching impulse sparicover v<dtage of a spark gap can be 
chosen from a wide range ( I *^ 1 '5 ) by changing the electrode cimfigura- 
tirni. It IS) therefore, possible to select the discharge probability curve of 
the gap Pp iU) to switching impulses quite irrespective of the dischaige 
probabiiity curve to lightning impulses. 

Derign of a spark gap with a view to switching impulse will make the 
average exptct/td^nnnSiHX^^Q^ per year, due to switch- 

ing^orgai, equal to a value N^ such as not to make system performance 
under switching surge significantly worse. Therefore, the probability of 
qparkover of Ac gap due to switching ovcrvoltages reaching the level 
evaluated on the a^umption that equipment operates as dmgned {$$$9 A) 
shall be very low- 

Gonsoquenuyi even if the spark gap behaves like an -idem' ^otective 
device, the spark gap will {Htyvioe no protection against th^n and insul- 
ation tfiaH be designed to mdistand this type of switching overvolta^s. 
This is evident firoin formula ( 14 ) ( case of uleal spark gap ). 

Pi^Pi{U).U~Pi>{U)^c:^P,{U) ...(17) 

As regards switching ovcrvoltages exceeding the values based on die 
aKumption of correct b^iaviour of equimnnit, we can assume ^t the 
overvolti^e value is such that a gap sparkover will almost certainly be 
caused and formula ( U ) then beosaies: 

PAU)^PdU)P9(,U) ...(18) 
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and formula (15) 



f/n 



Ri =[ Pi {U)P,AU)foiU).dU ...(19J 

o 

The protective effect is, in this case, due only to Pjp ( Z7) that is, 
to the relationship between the timc-to-discharge of the insulation and 
those of the gap. It is, therefore, necessaiy to make Pjp (U) as close as 
possible to zero over the entire range of interest off/. 

Design of a spark gap with lightning impulses in view will be such as 
to limit the average expected number of flashovers per year of the gap to 
lightning surges to an acceptable value A*i, 

In this connection, it shall be remembered that in many cases the 
sparkover of the gap docs not lead to any supply interruption. 

Let us consider the example of a spark gap installed on the line side 
of the breaker. If the lightning stroke causes the line to flashovcr, a 
coincidental sparkover of the gap is of no significance. On the other 
hand, if the overvoltage amplitude does not reach the sparkover level of 
the line at the point struck, it is unlikely to cause a sparkover of the gap, 
even if the gap withstand level is lower than that of the line. This is due 
to the reduction in surge amplitude at the point of installation of the 
spark gaps, because of attenuation as well as the possible presence of other 
Hnes and surge arresters at the station. 

Thus, in contrast to the case of switching surges, it is possible to 
accept in certain cases spark gaps with a 50 percent discharge voltage to 
lightning impulses lower than that obtained, basing the design of the 
apparatus on switching surges and using the combination of the rated 
impulse withstand voltages given in Table 3 of IS : 2165-1977*. 

Therefore, it may be concluded from formulae II and 14 that spark 
gaps may offer a limited degree of protection in the case of lightning over- 
voltages of the order of the rated iightning impulse withstand voltage of 
the apparatus. 

As regards lightning ovcrvoltages much higher than tlie rated light- 
ning impulse withstand voltage of the apparatus gap sparkover will almost 
c^taixily be caused. In this case formtda 18 and the same considerations 
as regards Pip {U) previously made in respect of switching surges apply. 

For air insulation of equipment the condition P^p (U) caO may be 
fulfilled both for lightning and switching impulses by making use* of gaps 
having a high critical sparkover voltage to switching surges ( kV/cm ), that 

* Insulation co-ordin»tion ( mmiu/ revision), 
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is, gaps much shorter than air distances of the apparatus, for instance by 
making use of spark-gaps having a conductor-rod configuration for the 
electrodes. 

For non-selfrrestoring insulation of equipment the check that factor 
^ip {U) is reasonably small should be made by means of chopped wave 
withstand test carried out at a voltage level based on the highest over- 
voltj^e which may be expected in the system and widi a truncation time 
to be chosen on the basis of the time-to-sparkover of the gap. 

These tests are not laid down in IS : 2165-1977* and, if necessary 
should be agreed upon between the user and the supplier. 



APPENDIX D 

( Clause 9.3 ) 

EXAMPLES OF APPLICATION 

D-1. Table 3 illustrates the choice of the insulation level of a piece of equip- 
ment for Case I (see 9.3) protected against both switching and lightning 
overvoltages by surge arresters mounted at its terminals. Example 1 
refers to 420 kV transformer and Example 2 to a 765 kV transformer. 

D-2. The insulation levels of the transformers depend on the protective 
levels of arresters against both switching and lightning impulses ( Block 7 of 
Fig. 12 ). The protection level of a particular surge arrester depends, in its 
turn, on its characteristics and rating. The rating of surge arresters in both 
Examples 1 and 2 is chosen as the available rating immediately above the 
temporary overvoltages anticipated on the system ( Block 6 ). Temporary 
overvoltages include voltage rise during faults, overvoltages due to inrush 
currents, sudden load rejection and other causes. The over voltage to be 
expected is influenced by the earth fault factor, system configuration, the 
characteristics of system equipment, and operating practices ^ see 3.3). 

D-3. Table 4 shows the choice of the insulation level of a piece of equip- 
ment for Case II with no surge arrester protection or with remote surge 
arrester protection. Example 1 refers to the line-to-earth insulation of a 
420 kV disconnecting switch on the line-side of the breaker, no surge 
arresters being installed at the line entrance. Example 2 refers to a 765 
kV disconnecting switch at the same location. 

D-4. The rated switching impulse withstand voltage is selected first from 
Table 3 of IS: 2165-1977* on the basis of the statistical switching over- 
voltage level at the equipment location and on the basis of an acceptable 
risk of failure ( Blocks 4 and 8 of Fig. 12). 

^Insulation ^o-ordination ( second rtvuiM). 
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TABLES CHOiCE OrrBE PWgJkTgWI LgVBL Qg CJkSE I EQjUgHEWT 
( FQit jgrAjKjPfjt mAMfivoMSR «»OT«rmm wy gi «<ag wmwmTwauA ) 

(Cktusi D-1 ) 

Y T«.Mi VvjtMM^w I ExASSPLS 2 

1) Bask Data 

Hi^ieit voltage for equipment Um ( ran } kV 420 765 

GacreH>onding iine-to-ground voltage: 

nm value __ _ kV 243 442 

Peak value UmV2 / ^3 kV (p,u.) 343 ( 100 ) 625 ( 1 00 ) 

Determiniiig temporary overvoltage (derived 

from system stwiies ): 

rms value kV 320 605 

Peak value kV ( p.u.) 452 (1-32) 855 ( 137 ) 

Minimum sadety factot. 

For Switening OV^vmugci . 

For lightning overvoltages 

Rated voltage ( rms) 

Max switchif^E impulse sparkover voltage 

Max lightning impidse sparkover voltage 

Max fnmt-of-wave sparkover voltage 

^wM.sx r^iuUSft vGfttage at rateu uwCuSf^e CuiTciit 

3) ProUcUoH Leveli 

To switchir^ impulse kV(p.u.) 765(2-23) 1230 (1-96) 

To lightning impulses kV(p.u.) 878*(2'56) 1 440«(2-30) 

A\ r^^j^*!^^ r.m.^t t OL ^ j^ c «L \ c tj^l.* r^^.t 

Minimum conventional switching impulse with" kV (p.u. ) 880(2*66) 1415 (2*26) 

stand voltage 
Rated switching impulse voltage kV (p.u, ) 950 (2-77) 1425 (2*28) 

Ratio of the rated switching impulse %vttfaitand — 1*24 M6 

voltage to the switcfaii^ impulse proCectkm 

level 

Mimmum conventional lightning impulse with- kV (p.u. ) 1100 (3*20) 1800 (2*76) 

stand voltage 
Rated It^itning impulse withstand ventage kV (p.u. ) 1 175 (3*42) 1 800 (2*87) 

Ratio <^ the rated lightning impulse withstand — 1*33 1*25 

voltage to the li^tning impulse protective 

level 

NoTS — State Electricity Boards with 420 kV power system are requested to provide 
the details for Example I in accordance Mtbk the practices they are following in their 
system. 

♦Maximum firont-of-wave sparkover divided by 1*15 ( si* 5.2.1 ). 
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Unit 


EXAMPLS 1 


ExAMPUt 2 


kV 


420 


765 


kV 

kV(p.u.) 

ky(p.u.) 


243 

343(1'00) 
910(2*65) 


442 

625(l-00) 
1255 {2'0) 



TAU£4 C»X»CEOrTHEIIi»UIJk'nONL£VSL<^eMSaEQJU^M£NT 

( F<« EXJkMRM VNnormcrED msGOimficnmiaswcfcai) 

( Oauu D.3 ) 

Basic DaU 

Highest voltage for equipment Um ( nns ) 

GoiTetp«idingline-to-graund voltage: 

rms value 

Peak value Cr.\/2 / t/S 
Statistical overvoltage at the equipment location 

( value exceeded in 2 percent of cases only ) due 

to rcdostng operations 
Maximum accepted risk cT flashover te ground for ^— 10"^ lO"^ 

redosing operation >~ 

Sutistical safety factor v corresponding to the — 1*13 1*24 

maximum accepted r^ of flashover ( derived 

firami Fig. 7) 

Minimum statbtical switching impulse withstand kV 1 030 1 550 

voltage 
Rated switching impulse withstand voltage sdected kV 1 050 1 550 

Risk of flashover corr espo n ding to thfc rated switch- — 4' 10-* 10"* 

ing impulse withstand vantage sdected 
Recommended rated l^htning impulse mthstand kV ( p.u. ) 1 425 ( 4> 15 ) 2 400 (3-64) 

voltage to be associated with the rated switching 

impulse withstand voltage 

For both exampleSy it is assumed that the only critical switching 
overvoltagcs men thote due to line re-energization ( that is, it is necessary 
to check die ride of fiuiure due to reclosix^ operations cmly ). 

By inakii^ me of die simplifod statistical approach ( see 9^S) and 
choosing an appropriate ^andard deviation it is possible to determine 
the statistical swty iactm* y corr^onding to the maximum admtssibie 
risk of Eashover; from factor y ^^ i' possible to (fertve the minimum 
statistical iwitching impulse withstand voltage and then to select the rated 
switching impube withsUind voltage imme-diately above« 

In the examjple the correlation between risk of failure and sutistical 
safety &ctor pvea in Fig. 7 ( or » 8 percent ) is used. 

A->5* Oiicethen^edswitdiing^impuise withstand voltage has beenobtiune^ 
a corresponding rated lightning impube withstand voltsi^^ j» seteeted from 
the same line of Tabic 3 of IS: 2165-1977^ considering that only the 
highest v^ue of rated lightning impulse withstand volti^ should be used 
for apparatus not effectivdy protected by «irge diverters {sm€A of 
IS:2i6M977*). 

It is then necessary to verify that this value guarantees a satisfactory 
poformance under atmospheric overvoltages, that is, a risk of failure not 

^Insnlatioo co^ordinatioo ( seami rnisim ). 
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higher than the permissible one. This can be done in a similar way as 
previously for switchii^ surges ( Blocks 9 to 12 in Fig. 12 ). 

In the case under consideration an approximate distribution of the 
lightning overvoltages, at least for the case of disconnecting switches in the 
open position, may be evaluated quite simply on the basis of the line 
characteristics and of empirical^r semi-empirical laws for wave attenuation. 

However, lightning overvoltage stresses vary from point to point in a 
substation. In general, it is therefore extremely difficult and time consuming 
to achieve the necessary knowledge of stresses by making use of the 
statistical or simplified statistical approach. 

Only the highest overvoltage stresses in the most common contin- 
gencies ( most common position of breakers and disconnectors ) are there- 
fore evaluated. It is then verified that the rated lightning impulse with- 
stand voltage selected, as said above starting from the rated switching 
impulse withstand voltage, exceeds the maximum credible atmospheric 
overvoltages by a suitable margin ( ei 10 percent). If a rated lightning 
rnpulse voltage higher than the one determined on the basis of Table 3 of 
IS :2165-1977* is desirable, the value shall be selected from the series in 
6.1 (b) of IS: 2165.1977*. 

0-6. In Table 5 there is an evaluation of the increase of the risk of failure 
for the rated switching impulse withstand voltage lower chan the selected 
value given in Table 3 of IS : 2165-1977*. 

TABLE 5 RISK OF FAILURE OF INSULATION AS A FUNCTION OF THE 
RATSD SWITCHING IMPULSE WITHSTAND VOLTAGES OF THE EQUIP- 
MENT OF TABLE 4 

Unit Example 1 Examplb 2 

AlUmaiiv* (a) 
Rated switching impulse withstand voltage kV ( p.u. ) I 050 (3-06) 1 550 (2'48) 

( selected value ) 
Statistical safety factor — 1*16 1*24 

Risk of failure corresponding to the above — 4*10-* 10-* 

statistical safety factor ^ 

AlUrmtive (b) 

Rated switching impulse withstand voltage kV ( p.u. ) 950 ( 2*76) 1 425 (2-28) 
Statistical safety factor — 1-05 1*14 

Risk of failure — 5' 10-» 9' 10"* 

AlUrnativt (c) 

Rated switching impulse withsUnd voltage kV ( p.u. ) — 1 300 { 2*08) 

Statistical safety factor — — 1'04 

Risk of faUurc — -6- lO-» 



*Insulation co-ordination {second uvimn). 



APPENDIX E 

( Clause 93 ) 

CLEARANCES IN AIR BETWEEN LIVE CONDUCTIVE 

PART5 AN~D E^ITHED STRUCTURES TO SECURE A 

SPECmED IMPULSE WITHSTAND VOLTAGE FOR 

DRY CONDITIONS 

E-1. In installations which, for various reasons, may not be impulse tested, 
it is advisable to take steps to avoid flashover occurring below the impulse 
withstand level which would have been prescribed in the case of a test. 
E-2* The condition to be fulfilled is that the statistical switching and 
lightning impulse withstand voltages in air between live parts and earth 
should be equal to the rated switching and lightning impulse withstand 
voltage as specified in 13:2165-1977*. This results in a minimum 
clearance to be observed which depends on the configuration of the live 
parts and the nearby structures ( electrode configuration ). 
E-3. No distance is indicated for an equipment which has an impulse test 
included in its specification since compulsory clearances might hamper the 
design of the equipment, increase its cost and impede progress. The 
impulse test, even when only a type test, is sufficient to prove that the 
impulse withstand condition is fulfilled. 

E-4» Table 6A and 6B are suitable for general application, providing as a 
first approximation a clearance to be specified in relation to the insulaticm 
leveL These tables have been compiled for easy use. 

£*4«1 In Table 6A ( Um. < 245 KV ) reference is made in the first column 
to the rated lightning impulse withstand voltage and in the second column 
to the air clearances for unfavourable configiu*ations of live and earthed 
parts, 

E-4^ In Table 6B { f/m > 245 kV ) reiference is made in the c<J (1) a&d 
(2) to the values defixiing the insulatioxi levels and in the col (3) and (4) to 
air-clearances for electrode conjurations of the * conductor-structure * 
type and * rod-structure * type. 

E-5. The * rod-stfuctufe ' con%uration is the worst electrode configufation 
normally encountered in practice; the ^ conductor-structure ' configuration 
covers a large range of normally used configurations. In Table 6B 
reference is made to the electrode configuration because of its notable 
influence for Z/m > 245 kV. 

E-i, The values of air cleaiances given in Table 6 are the minimum values 
selected by electrical considerations, and do not include any addition for 
cons^uction tolerances, effect of short-circuits, safety of personnel etc* 

These values are vaUd for altitudes not exceeding 1 000 m. 
^intuuiicm co-ordination ( steond nvism }. 
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TiWJS <A GCmilBATI^KS nTI«EN IN^^ iMYEiA AND 




(CUms$EA) 




WmMTARD V<».TAGK 




Minimum raAtB-TO-EAKtH 


(I) 




(2) 


kV 




mm 


45 




60 


GO 




90 


75 




120 


95 




1^ 


125 




220 


170 




320 


325 




630 


380 




750 


450 




900 


550 




I 100 


650 




1300 


750 




1500 


850 




1600 


950 




1900 


1050 




2 400 



TtfLB m GCMnSLAXlOKS WSntmH JHSmjiTiO^i LEVELS AND 
MQOMUBi raUSS-fO-SARTH Am CLEAHiUfCSS 





(a»iuvE*4) 






Imtuub WtrnTAirD V<»^T^Ma 


MsmMUM Phair-to-Eaatb 

Am CXsA&AKGS 


iUted Switching In^ttUe 
WiUM^dVoltase 


Witbstft^V<^age 


" doadm:tar^ 


Rod-SfUucture 


(J) 


(2) 


(3) 


(4) 


kV 


kV 


m 


tn 


750 


850 


1-6 


1-9 


/ 750 


950 


1-7 


1-9 


850 


950 


VB 


2*4 


850 


1050 


1-9 


2^4 


950 


1050; 1175 


2*2 


2-9 


lom 


1175;ISQ0;I425 


2*6 


3*4 


1 175 


1300; 1420; 1550 


31 


41 


1^)0 


1425;i5©O;lSO0 


3-6 


4*8 


1425 


1550;ra00;2l00 


4 2 


5-6 


1550 


1 800 ;r 950; 2 400 


4-9 
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AMENDMENT NO. 2 APIUL 198S 

TO 

IS : 3716 - ^978 APPLICATION GUIDE FOR 
INSULATION GO-OHDINATION 

( First RevUion J 

Ahwatkm 

( Page 8, damu 1,2, line 1 ) — Delete the word ' only '. 



( Page Sf douse IJt) — Add the following new clause after the 
existing axui remunber the subsequent clause: 

* 13 This guide also covers guidance on phase-to-phase insulation co- 
ordination the principles and rules for which are enumerated in IS : 2165 
( Part 2 ).1983* ( see Appwiix F ). * 

( Page as. Appendix E) — Add tlie following Appendix after the 
existing: 

APPENDIX F 

( Clause 1.3 ) 
APPLICATION GUIDE FOR PHASE-TO-FHASE INSULATION 
F-L VOLTAGE SIHESSES IN SERVICE 

F-'l^O The dielectric stresses on phase-to-phase insulation may be classified 
as &ilcws: 

a) Power-frequency vditage under normal operating conditions, 

fa) TcmpOTatty ovcrvc^tagcs, 

c) StntcUng overvoltages, and 

d) Lig^tmng overvokages. 



F-1«I P»iwtg^rg^imicy V«toigc — Under normal operating ccmditions 
the powei-£nec]peacy v<4tage between {biases will not be greater than the 
bi^ie^ vultage for equ^mient U^, Therefore, Uj^ has been taken as a 
reference vahae for insulation co-ordination purposes. 

^ lawl ii ri ott coHMdiaatkai: P«rt 2 Phase-to-pfaase insulation co-ordination, |»-iiici- 
plfii mad tulei. 

GrI 



F-1.2 Temporary Overvoltages — The clauses of phase-to-phasc tem- 
porary overvoltage are the same as those of the phase-to-earth temporar/ 
overvoltges described in the Standard, except for earth fauhs which, 
normally, do not create significant temporary phase-to-phase overvoltages 
(less than 1-2 Um )• 

The insulation performance under temporary overvoltages, which arc 
normally of short duration generally less than one second, is verified by 
the power-frequency test at voltage levels indicated in Tables 1 and 2 of 

TQ - Olfi*; / T>o«>4- 9 \-1Qfl^* f/\f tVi** t-ancroe A sinri "R r\i- sr»*»rifi**H in r^rtnin 

cases by the relevant Apparatus Committees for range G. 

F*l«3 Switcliliig vrVervoitages — niXternai piiase-to-pnase insuiatioii is 
determined by considering the actual stresses due to switching operations, 
faults and other causes, the behaviour of the insulation when subjected to 
these stresses and the accepted risk of failure, 

F-1.3.1 Overvoltages Stresses — The overvoltage between two phases results 
from two overvoltages to earth, generally having opposite polarity. 
Experience shows that various combinations of these overvoltages can 

i%4^^^i«* lVrA«r<at«>i-1n ^1^00 tn^ t^nooA_ti^_r^Vt oda <-virA««tr<-k1f n iva e^Y\ 4 4-h«<AA_r%n QO#» 

\J\^\j\AK • A 1 V> V \jt. «>AAV/XV/atJ} tiXX^^ Ul.XC*»\^— hVr— UXX«A0V^ V Wl. V \JX\iCLfSi\J \JX^ Vk WXXX V ^'— L/XX*iM>V^ 



system may be characterized by two situations: 

CIa x2 » . -lAH a.1 1 Tj-U^ u:_i X _^T 4. 1 1* :- 

reached on any phase of the three-phase system; 



T f XlV^Xl %,lXy^ Vt^CkSk. \Jk iii-tX* AIXK JLA^OV V/VVcJ- VVrilrOgV^ I^^LrVV^V.!! L/i.l.Cl>OV<a X9 

attained for any two phases. 

From these two situations the two phase-to»phase components of the 
phase-to-phase overvoltage are determined. Whilst, by definition the 
phase-to- phase earth voltage is always greater in situation 1, it should be 
noted that the maximum value of the phase-to-phase overvoltage obtained 
in situation 2 is greater than that obtained in situation 1 . 

The ratio usually observed between the statistical phase-to-phase 
overvoltage ( situation 2 ) and the statistical phase-to-phase overvoltj^e 
( highest component of situation I ) lies in the range of 1'5 and 1*8, the 
values being greater for the higher system voltages. These ratios are the 
basis for the selection of rated switching-impulse withstand voltage phase- 
to-phase with respect to the phase-to-earth values, 

F-1.3.2 Insulation Behaviour — The behaviour of any insulation depends 
on tiie geometric field distribution and on the type of the dielectric material. 

In the case of external clearances and for a given total phase-to- 

l^xxcuJV vx^oi. WAI.n^V', b&X^ \JUL.lH.9»,\Ji.i, XXi.\.\J \j\JXM.X^\JXX\,XI.^.i9 KUXXXi.^ *.XX\, XXIUXXVOV L/UdaiMl\^ 

simulation co-ordination: Part 2 Phase-to-phasc insulation co-ordinations principles 
and rulei. 



positive component on the one electrode ( and the negative coinpotteht 
on the other ) is the most severe condition. 

However, a different division may be used when testing the insulation 
provided that the same test severity is achieved by increasing the total 
phase-to-phase test voltage. The effect of the third phase voltage is 
generally small and can be neglected in most cases. 

For the internal insulation, for example, transformers, it seems that 
the division of the components is of no importance. For other types of 
insulation, for example, SFg insulated, three phase enclosed installations 
the influence of the components has not yet been sufficiently investigated. 

F-l*3.3 Risk of Failure — Evaluations of the risk of failure between 
phases have to take into account the division of the phase-to-phase over- 
voltage into two phase-to-carth components, the statistical distribution of 
the maximum phase-to-phase overvoltages and the flashover probability of 
the insulation. Such calculations have been made based on available 
system data and typical insulation withstand characteristics. The main 
results show that: 

a) the two situations mentioned in FA3A result in approximately 
the same risk of failure; and 

b) the risk of failure between phases is smaller than ( or equal to ) 
that between phase and earth if the phase-to-earth insulation is 
tested according to IS : 2165 ( Part 1 )-1977* and if the phase-to- 
phase tested in the same way considering the test procedure given 
in r.1.3.4. 

F-1.3.4 Test Procedure — To achieve the desired correlation between 
risks of failure between phases and phase-to-earth the withstand voltage of 
the insulation has to be equal to or greater than the rated switching- 
impulse withstand voltages given in Table 3 of IS : 2165 ( Part 2 )-1983t. 
To fulfil this requirement one of the test procedures given in IS : 2165 
( Part 1 )-1977* has to be applied. The permitted number of disruptive 
discharges includes all discharges between phases and to earth. Among the 
different division of components which are possible, according to F-1.3-2 
the one which is preferred is that giving the same amplitude to both 
components ( t^ne^/^pos = 1 ). The main reasons are: 

a) during the phase-to-phase test the phase-to-phase component shall 
not be higher than the rated switching-impulse withstand voltage 
to earth. Taking into account the values given in Table 3 of 
IS : 2165 ( Part 2 )-1983t this implies a ratio t/'neg/^pos already 
higher than 0*73. A further increase of this ratio is necessary 
to avoid an excessive number of fiashovers to earth because of the 
influence of the n€ga.tiv€ component applied to the second phase; 

*Insulation co-ordination: Part 1 Phase-to-earth insulation co-ordination, principles 
and rules. 

fPart 2 Phase-to-phase insulation co-ordination, principles and rules. 



b) for asymmetric test arrangements only two test series, applying the 
positive component successively to the two phases are required. 
If the ratio is dffierent from 1, four test series are necessary to 
cover all cases by permuting the polarities and the values; and 

c) the influence of surrounding objects during the test is kept to a 
minimum. 

The selection of the ratio UnegjUptm = 1 results in a maximum 
acceptable risk of failure between phases which is lower than the maximum 
acceptable risk of failure to earth. 

F-1.4 Lightning Overvoltages — When a direct lightning stroke occurs 
to a phase conductor or a backflashover takes place the lightning stress 
between phases does not normally exceed the lightning stress to earth. 

F-2. CLEARANCE IN AIR BETWEEN PHASES TO ASSURE 
A SPECIFIED IMPULSE WITHSTAND VOLTAGE IN 
INSTALLATIONS 

F-2.1 In complete installations ( for example substation ) which cannot 
be" impulse-tested as a whole, it is necessary to ensure that the impulse 
strength is adequate. 

The statistical switching- and lightning^impulse withstand voltages for 
phase-to-phase insulation in air should be equal to, or greater than, the 
rated switching- and lightning-impulse withstand voltages as specified in 
this standard. Following this principle minimum clearances have been 
determined for different electrode configurations. 

Tables 7 and 8 are suitable for general application, as they provide 
a specified minimum clearance in relation to the insulation level. These 
clearances may be lower if it has been proved by tests on actual or similar 
configurations that the required rated impulse withstand voltages are ful- 
filled, taking into account all relevant environmental conditions which can 
create irre^arities on the surface of the phase electrode, for example, 
rain, pollution. 

As regards range C, lower clearances may also be used if it has been 
confirmed by operating experience that the switching overvoltages arc 
lower than the rated values indicated in Table 3 of IS : 2165 ( Part 2 )- 
1983* for a given voltage Z/^. 

No distance is indicated for an equipment which has a phase-to- 
pfiase impulse test included in the specification^ since mandatory dearan^ 
CCS might hamper the design of the equipment, increase its cost and impede 
prepress. 

In Table 1 {U^< 300kV ), first column, the rated lightning- 
impulse withstand voltages are listed. The second column lists air clear- 

^Insulatioa co-ordinaticKQ: Part 2 Fbase-to-phase insulation co-ordination, principles 
and rules. 



ances tat un&voiicable cooi^^ations of energized parts Mrith a relatively 
small curvature radius. These clearances have been derived by the 
testing iTOcedurc described in 8 of IS : 2165 ( Part 2 ).1983*. 

In the first column of Table 8 ( t/m > 300 kV ) rated switching- 
impulse withstand vohages phase-to-phase are listed. The second column 
lists clearances for a conductor-conductor ( parallel ) configuration having 
a symmetrical gap geometry. The same clearances may also be used for 
other configurations with symmetrical gap geometry such as crossed con- 
duct<»7 of rod-rod gaps. 

The third column refers to a configuration such as rod-conductor 
havii^ an asymmetrical gap geometry. 

For ring-rii^ gaps or configurations with large smooth electrodes 
having a higher degree of field homogeneity,, lower clearances than those 
given in the second column may be used, provided that the influence of 
the environmental conditions ( ue above ) is taken into account. 

The clearances far the {^iase-to*f^ase insulation ( su Tables 7 and 8 ) 
can be aj^ed together with the clearances for the phase-to-earth 
insulation. 



TABI.E7 CI01UtELA110N$BETWEEHII»ra^TlONl£VEL»AND 


llINIlfUM PHASE^TO-PHASK AI& €mMMmAmtmSL W€«Bt ll» <' SMI kV 


•■^Mn* v^MWB^^F^v^ ^ ^h^i*^k«r^bff tm '^^ ^ ■ mr^~ — — - ^^ — — ^ ^ ^— '— '^— ^^.r ^_ ^_^ .^m.^^^^ ^^ _ 


( CUust F^.f > 




RaTKD LlOBTNIKO-IlfPUt»8B 




MiKniiiM Prass-to-Pbasx 


Withstand Voi*taok, 




Atst CiMjaLA»cmB 


Phasb-to-Phasb 






(Peak) 






(1) 




(2) 


kV 




Bun 


20 




GO 


40 




60 


60 




90 


75 




120 


95 




160 


125 




220 


145 




270 


170 




320 


250 




480 


S25 




630 


450 




900 


550 




1 100 


650 




1300 


750 




1500 


850 




1700 


950 




1900 


1050 




2 100 
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The values of air clearances given in Table 7 and 8 are dictated by 
dielectric considerations. Other factors such as constraction tolerance, 
the effect of short circuits, wind, safety of personnel, maintenance, 
corona effects etc* are not included. 

The indicated values are valid for altitudes not exceeding 1 000 m. 
The effects of higher altitudes are under consideration. 

TABLE 8 CORRELATION BETWEEN msULATION LEVELS AND 
MINIMUM PKASE-TO-PHASE AIR CLEARANCES FOR Us& > 3C0 kV 

RaTBP SwITORINO- MuOKUH PfiAS>-TO-FKASE Al& 

IXFUI'SB WiTHSTAKP ClxABAJVCB TOB CONnGT7BATlOK8 

V01.TAOB Phasb-to-Pbass 



( P5A£ ) GcnductGr-CGsiductcr Rcd-Ccoductcr 

Parallel 

(1) <2) (3) 

kV m m 

1 175 2-4 2-8 

1 300 2-7 3-2 

I 425 3-1 3-6 

1550 3-5 4*! 

1 675 3-9 4-6 

1 800 4'3 5-2 
1950 4-9 5-9 

2 100 5-6 6-8 
2 250 6-3 7-7 
2 400 71 8-8 
2 550 7-9 10-0 



( ETDG 19 ) 
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